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SUMMARY 
1 . The retino-tectal projection in the axolotl was studied using the 
diffusion of horseradish peroxidase along the cut optic nerve , by both 
light and electron microscopy . Filled nerve fibres and terminals were 
found throughout the superficial part of the contralateral optic tectum. 
No lamination of fibres or terminals was apparent . A small ipsilateral 
retino-tectal projection was also found . It was concentrated in the rostral 
tectum particularly the dorsomedial and ventrolateral areas . Ultrastructurally, 
the filled optic synapses l ooked similar in both the contralateral and the 
ipsilateral tecta. 
2. The neurons in the tectum were studied using Golgi techniques . The 
cell type stained most frequently was oriented radially and branched through-
out the plexiform layers . A second radially-oriented cell type was observed , 
which only branched in the outer plexiform layer of the tectum (that part 
receiving optic input) . Horizontal and multipolar cells were also seen . 
The above cell types were situated in the cellular layers of the axolotl 
tectum . A small number of cells varying in shape were found in the super-
ficial tectal layers . 
3 . The optic nerve terminals of the retinal afferents to the tectum 
were identified ultrastructurally using the techniques of filling with 
horseradish peroxidase , and degeneration . The mitochondria in filled 
structures had a characteristic electron-lucent .matrix. After both eyes 
had been removed , terminals with these pale mitochondria almost completely 
vi 
disappeared from the area known to receive optic input. In this area the 
presence of pale mitochondria was therefore nearly always diagnostic of the 
retinal origin of a bouton. The synapses were similar to those assumed to 
be of retinal origin in other vertebrates . 
4 . Identified optic synapses were morphometrically analysed . The 
resu l ts were compared with published data on optic . synapses in the rat 
suprachiasmatic nucleus . Apart from the slightly smaller size of axolotl 
optic nerve terminals and their mitochondria , the parameters considered 
were very similar in the optic boutons of the two areas in the two species . 
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1. INTRODUCTION 
1.1 THE VERTEBRATE OPTIC TECTUM 
The optic tectum forms the roof of the mid-brain or mesencephalon . 
The homologous structure is usually termed the superior colliculus in 
mammals (Sprague, 1975; Ingle, 1973a). As the name implies the optic tectum 
is a component in the visual system, receiving a major retinal input in all 
vertebrates . The retino- tectal projection is retinotopically organised . 
The temporal retina (nasal field) projects rostrally , the nasal retina 
(temporal field) projects caudally, the ventral retina (superior field) 
medially , and the dorsal retina (inferior field) laterally (Scalia, 1976). 
In lower vertebrates the optic tectum forms a relatively large proportion 
of the brain . 
In general , the morphology of the tecta of vertebrates has been 
studied in some detail both by light and electron microscopy. Degeneration 
and , more recently, autoradiographic , horseradish peroxidase and cobalt 
techniques have been employed to demonstrate the retinal projection to the 
tectum (for example, see Jackway and Riss, 1972 ; Guillery and Updyke , 1976 ; 
- urodeles; Scalia , 1976; Lazar, 1978 - anurans ; Reperant et al , 1976 - fish; 
Reperant et al , 1978 - reptiles ; Reperant, 1973 - birds ; Mai , 1976 - mammals) . 
Golgi techniques have been widely used to show the structure of neurons and 
terminal axonal arbors within the tectum (Gruberg, 1969 - urodeles; Scalia , 
1976; Szekely and Lazar , 1976 - anurans ; Vanegas et al, 1974; Meek and 
Schellart , 1978 - fish ; Butler and Ebbesson , 1975 - reptiles ; La Vail and 
Cowan , 1971 - birds; Sterling , 1971; Mathers , 1977 - mammals) . The ultra-
structure of the optic tectum has also been investigated by electron 
microscopy , especially that part receiving optic input (Szekely and Lazar , 
1976 - anurans ; Laufer and Vanegas, 1974 - fish; Hayes and Webster, 1975; 
Angaut and Reperant, 1976 - birds; Sterling, 1971; Lund, 1972; Mathers, 
1977 - mammal_s) . 
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The main function of the optic tectum is, at least in lower vert-
ebrates , orientation and capture of prey (Ingle, 1976) . In a free-moving 
animal , activation of a focal region of the tectum by electrical stimulation , 
causes turning of the head , eyes, or body towar9 that spatial region 
retinotopically mapped upon the activated tectal area. This is known as 
the visual grasp reflex (Ingle, 1973a) . When a visual , prey-like stimulus 
is moved into the animal ' s visual field the orientation toward that stimulus 
can be followed by a snapping action i . e. capture of prey. However, this 
action depends upon other factors such as the size of the stimulus or the 
motivation of the animal (Riss and Ingle , 1973; Ingle, 1973a) . 
1. 2 THE AMPHIBIAN TECTUM 
The optic tecta of anuran amphibians such as frogs and toads have 
been studied in some detail , physiologically and behaviourally (for reviews 
see Grusser and Grusser-Cornehls, 1976; Grusser-Cornehls and Himstedt , 1976; 
Ingle , 1973a, 1976), as well as morphologically. These species have been 
used for studying the mature visual system as well as for studies of devel-
opment , regeneration and plasticity (for review see Keating and Kennard, 
1976). Their use in this regard is due to the ability of their retinal 
ganglion cells to regenerate nerves and reform precise connections (Keating 
and Kennard, 1976) . 
In this study the axolotl has been chosen as the subject of a 
morphological study of the optic tectum. The axolotl is a urodele amphibian . 
Urodeles have not been studied in as much detail as the anurans , however 
they may prove to be useful subjects for the type of studies described 
' 
above . Urodeles appear to have a relatively simple optic tectum without 
the multiple lamination found in anuran amphibians (Potter , 1969 , 1972 ; 
Szekely and Lazar , 1976) . Golgi studies on Ambystoma tig~inum (Herrick , 
1942 ; Gruberg, 1969) suggest that there are few cell types. If the morph-
ological simplicity is paralleled by functional simplicity, this animal 
could provide some basic information on tec tal circuitry which should aid 
in the understanding of the more complicated tectal structure of other 
vertebrates . 
1. 3 AI MS 
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The precise aims were firstly , to see which par t of the tectum the 
retina projected to in the axolotl tectum using a tracing technique. The 
method used involved filling the optic nerve with horseradish peroxidase 
and thereby labelling the nerve fibres and their terminations . It was also 
applied for ultrastructural examination of the retino-tectal terminals 
(Mason and Robson , 1979; Robson and Mason , 1979). Secondly the types of 
cells in the axolotl tectum were studied using Golgi staining with a view 
to establishing which cell types received optic input directly and which 
cell types were likely to send efferent axons to other parts of the brain. 
Finally , the ultrastructure of the optic nerve terminals and their post-
synaptic elements was examined after establishing that optic terminals 
could be recognised due to the presence of characteristic mitochondria . At 
the ultrastructu ral level a population of synapses can be identified by a 
tracing technique (such as horseradish peroxidase) or by destroying the 
neurons which give rise to the synapses and observing which ones disappear . 
The optic boutons were morphometrically analysed . 
The literature cited on the subject of the optic tectum in this 
introduction is a fraction of that available . It serves only to give a 
broad outline of the sort of work carried out in this field . The studies 
relevant to this thesis will be discussed in detail after presenting my own 
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results and observations. 
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FIG. 1 The three varieties of axolotl used in this study . 
a , pigmented body and eyes . b , pigmented eyes . 
c, no pigment at all . 
Calibration bar= 2cm . 
a 
b ___ _:___ ___________ _ 
C 
ADDENDUM 
TABLE: Number of axolotls with various pigmen t characteristics us ed in each experiment. 
Experiment Pigmentation 
Pigmented eyes Pigmented eyes Albino, i. e . 
and skin pink bodies pink eyes and 
bodies 
1. HRP - light microscopy 
(a) Experimental 2 5 -
(b) Control 1 1 -
\ 2. HRP - electron microscopy 
(a) Experimental 1 1 -
(b) Control - 1 -
3. Golgi study 19 19 14 
4. Ultrastructural study of 
degeneration of r etinal afferent 
terminals 4 3 -
. 
5 . Ultrastructural stu1y of 
general features of the 
optic neuropile 2 2 -
6. Morphometric study of optic 
synapses 3 2 -
TOTAL NUMBERS 
BY PIGMENTATION 
32 34 14 
Total Numbe r 
by experiment 
7 
2 
2 
1 
52 
7 
4 
5 
TOTAL - ALL 
ANIMALS 
80 
H 
I 
7 
2. METHODS 
Three varieties of axolotl were used in this study . They either had 
pigmented eyes and skin , pigmented eyes and pink bodies or were totally 
albino with pink eyes and bodies (Fig. 1) . Their length varied between 
9 and 18cms. Albino mammals have abnormal retinofugal pathways (see 
Guillery and Updyke , 1976) . In this study, no further reference will be 
made to the colour of the animals , as these factors did not appear to 
affect the results. It should be noted , however, that animals used for 
morphometric studies all had pigmented retinae . The size of the animals 
did not appear to affect the results . 
2.1 LIGHT AND ELECTRON MICROSCOPICAL INVESTIGATION OF THE RETINO-TECTAL 
PROJECTION USING HORSERADISH PEROXIDASE (HRP) TRACING TECHNIQUES 
Nine axolotls were used. The techniques employed involved the 
movement of HRP (Boehringer Mannheim , GrnbH) from a cut end of the optic 
nerve to the terminals. The cytoplasm of the nerve and its terminals is 
filled with HRP so that after producing a visable reaction product it 
resembles a Golgi impregnated neuron (Mason and Robson , 1979; Robson and 
Mason , 1979). 
Each axolotl was anaesthetised in 0 . 5% MS222 (tricaine methane-
sulphate; Sandoz) in tap water, one optic nerve was cut just behind the eye 
and bathed in distilled water for 1 min . After removing surplus water, a 
small piece of gel-foam (Upjohn) saturated with a concentrated solution of 
HRP (in lµl of distilled water) was inserted between the cut ends of the 
nerve . The skin was then glued back into place above the eye with isobutyl-
_ , 
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2- Cyanoacrylate (Ethicon , GmbH) . After 66 - 72h the animals were anaesthetised , 
perfused with 0 . lM sodium cacodylate buffer, 0.005% calcium chloride (pH7 . 2) 
and then with 3% glutaraldehyde , 3% paraformaldehyde (or alternatively 
1 . 5% glutaraldehyde) , 0 . 005 % calcium chloride in O.lM sodium cacodylate 
buffer (pH 7.~). The optic tecta were removed and immersed in the same 
fixative for 4h at 4°C . After rinsing overnight in 5% sucrose in buffer at 
0 4 C, the tecta were processed for light and electron microscopy, using 
various methods . 
The first method was that described by Riley and Marchand (1978) , 
itself a modification of that suggested by Mesulam (1976), procedure 8 . 
60µm frozen sections were washed in distilled water and then incubated in: 
50mg benzidine dihydrochloride , 100mg sodium nitroprusside, 10ml 0.2M sodium 
acetate buffer, pH 5 . 0) , 90ml distilled water and 10 drops O. lM cobalt 
chloride , for 20 mins . After addition of 4ml 0 . 3% hydrogen peroxide 
incubation was continued for another 25 mins . The sections were then 
transferred to a stabilising solution (9% sodium nitroprusside in , 0 . 2M 
sodium acetate buffer (pH 5.0) : ethanol: distilled water , 5 : 50:45) , at 
0-4°C for 20 mins . The sections were washed in several changes of distilled 
water after which they were mounted on gelatinised slides and counterstained 
with 1% neutral red . 
The second method was that of Malmgren and Olsson (1977) . 60µm 
frozen sections were collected , and after rinsing in O. lM sodium cacodylate 
buffer (pH 7. 2 ), were incubated in the dark at room temperature in 10ml 
0 . lM sodium cacodylate - HCL buffer (pll 5.1 ), 20mg diaminobenzidine and 
0 . 1ml 1% hydrogen peroxide for 30 mins. After rinsing in buffer the sections 
were mounted and counterstained lightly with 5% cresyl violet . 
The third method was that of Malmgren and Olsson (1977) for electron 
microscopy . 200- 300µm slices of optic tectum were incubated in 10ml O. lM 
sodium cacodylate - HCL buffer (pH 5 . 1 ), and 20mg diaminobenzidi ne for 
30 mi ns ., after which 0.1ml 1% hydrogen peroxide was added and the 
I 
incubation continued for another 60 mins. Both stages were carried out in 
the dark at room temperature. 
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Sections from three animals were processed according to the first 
method (alternate sections only in two animals), sections from four animals 
were processe? according to the second method (alternate sections only in 
two animals) , and sections from four animals were processed according to the 
third method . 
Two of the latter were dehydrated and embedded in araldite . Thick 
sections (approximately lOOµm) were cut by hand from the araldite block and 
examined under the light microscope together with the other five preparations. 
The extent of the ipsilateral and contralateral retino-tectal projection 
was determined and drawings were made with the aid of a camera lucida 
attachment. For electron microscopy, the tecta from the remaining two 
animals were post-fixed for 1 . 5h in 1% osmium tetroxide, dehydrated and 
embedded in araldite . Thick and thin sections were taken from the media-
dorsal area of both ipsilateral and contralateral tecta (more rostral part). 
The thin sections were examined unstained and stained (with lead citrate 
(Reynolds , 1963) and 10% uranyl acetate in 50% alcohol (Lewis and Knight , 
1977))using an Hitachi 500 electron microscope. To obtain a very approx-
imate estimate of the relative proportions of ipsi- and contra-lateral 
optic nerve terminals in the tectum , 35 random survey pictures (initial 
magnification x 7 , 000, final magnification x 17 , 500) were taken through the 
ipsi- and contra-lateral optic neuropile , and the number of filled presynaptic 
elements with synaptic vesicles were counted . 
Three animals , where the optic nerve and terminals were not filled 
with HRP (one for electron microscopy, two for light microscopy) served as 
controls . Dense reaction product in blood vessels showed the reaction was 
carried out successfully . No intrinsic peroxidase activity could be 
detected by light or electron microscopy , in neuronal elements of either 
tectum . 
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2.2 GOLGI STUDY 
Fifty two axolotl tecta were examined in this study. Three Golgi 
methods were applied: the rapid Golgi method (modified from Palay and 
Chan-Palay , 1974) , the Golgi-Kopsch method (modified from Meek and 
Schellart, 1978) and the Golgi-Cox method (Ram6n-Moliner , 1970) . Staining 
times were varied in an attempt to obtain the best results (Table 1). The 
tecta from all animals were coated with fresh egg yolk according to 
Schroeder (1973), prior to placing in 25ml of the staining fluid. Cotton 
wool lay on the base of each bottle to ensure sufficient access of the 
stain to all parts of the brain. All the bottles were stored in the dark 
at room temperature , during the staining process. 
In the rapid Golgi method (GR) the animal wa s anaesthetised in 0.5% 
MS222 and then perfused through the heart with O.lM sodium cacodylate 
buffer (pH 7.2), for 30 secs. , followed by 1% glutaraldehyde, 1% paraform-
aldehyde , in O. lM sodium cacodylate buffer (pH 7 . 2), for about 5 mins. The 
tecta were then remo ved from the brain and irrunersed in the above fixative 
at 0-4°c for varying periods of time (see Table 1). After coating in egg 
yolk , the tissue was placed in 2.4% potassium dichromate , 0.2% osmium 
tetroxide , in distilled water. After varying periods of time (see Table 1) 
the tissue was removed, patted on gauze and rinsed in a small volume of 
0.75% aqueous silver nitrate for differing time periods (see Table 1). The 
tissue was then dehydrated in a routine fashion , the first solution being 
0.5% silver nitrate in 50% ethanol followed by a graded series of alcohols 
and epoxypropane . Finally , the tissue was embedded in a soft mixture of 
araldite (20ml resin, 10ml hardener, 12 drops accelerator, 33 drops dibutyl 
phthallate) . 
In the Golgi-Kopsch (GK) method the tissue was fixed as above . 
After coating in egg yolk , it was placed in 1.5% potassium dichromate, 
5% glutaraldehyde, in distilled water for various times . It was then 
I 
GR I GK I GC 
I 
NO . OF FIXATION STAIN TIME H NO OF FIXATION STAIN TIME H NO . OF I STAIN I STAIN 
ANIMALS TIME H K2cr2o7/AgN03 ANIMALS TIME H K2cr2o7/ AgN03 ANIMALS USED TIME DAYS 
2 4 15/3 6 2- 4 48/ 24* I 1 I GC I 3 .5 
2 12 6 / 1. 5 1 2-4 48/ 24(x2) I 1 I GC I 7 
19 4- 8 10/ 2* 4 12 48/ 24 I 2 I GC I 21 
2 12 6 / 3 2 4 24 / 24 
I 
1 ~GC I 3 . 5 
5 ~GC I 7* 
2 I ~GC I 14 
1 I \GC I 3 . 5 
1 I !..GC I 7 
25 13 14 
TABLE 1 Table showing the fixation and 'staining times as well as the number of animals used for each method . 
* Methods considered most successful, although all methods were used for analysis . 
...... 
...... 
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placed in 0.75% aqueous silver nitrate and processed as described above. 
In the Golgi-Cox (GC) method , the animal was anaesthetised in 0.5% MS222, 
after which the brain was removed as quickly as possible and the tecta 
coated with egg yolk. They were then placed in a mixture of solutions A 
and B (Ramon-Moline~ 1970). A contained lg potassium dichromate, lg 
mercuric chloride, dissolved in 85ml distilled water and boiled for 15 mins . 
Solution B contained 0.8g potassium chromate and 0.5% potassium tungstate 
dissolved in 20ml distilled water. Various combinations of A and Band 
boiled distilled water were used (Meek and Schellart, 1978). They were: 
GC, which was A:B in the ratio 1 : 1; ~Gt, which was A:B : H2o in the ratio 
1:1:2; and \GC which was A:B:H 2o in the ratio 1:1:6. The rapid procedure 
of Ramon-Moliner (1970), steps 1-3 only, was then followed. This consisted 
of rinsing the tissue in water and placing it in an impregnation fluid made 
up of O. Sg lithium hydroxide, 15g potassium nitrate and 100ml distilled 
water . The tecta were then dehydrated through a graded series of alcohols 
and embedded as described previously . 
The araldite blocks were placed in a 60°c oven for 24h to allow 
partial hardening . They were then either sectioned immediately or placed 
in a freezer until they could be sectioned. Approximately lOOµm transverse 
sections were cut by hand under a dissecting microscope. They were floated 
on drops of water on a gelatinised slide and dried in a 60°c oven for a 
further 48h. After placing in xylene for 2 mins, the slides were cover-
slipped with D. P . X. mounting medium (Difeo). The sections were examined 
under the light microscope and 48 cells were drawn at lOOx magnification 
under oil , using a camera lucida attachment . 
Gruberg (1969) divided the outer plexiform layer of the tiger 
salamander (Ambystoma tigrinwn) into three, based on physiological char-
acteristics. These consisted of an optic layer , a contralateral somesthetic 
layer and a bilateral somesthetic layer. They have been called PLl, PL2 
and PLJ respectively in this study . These divisions were followed, and the 
FI G. 2 
Hl 
--
R PL2 
PL3 
CL 
HB 
Diagram showing measurements made in the Golgi study . 
CL , cellular layer; PLl , 2 , 3 , plexiform layers ; 
R, radial extension of neuron ; HB , horizontal extension 
of basal dendrites ; Hl , 2 , 3 , horizontal extension of 
dendrites in PLl , 2 , 3 respectively . 
- I 
13 
inner cellular layer was also arbitrarily divided into thre e (Herrick , 1942) , 
called CLl , CL2 and CL3 in this study (Fig. 4) . The various parameters of 
the cells measured are listed below. (Also see Fig. 2). 
1. Cell body, height and width . 
2 . Radial ex~ension of the dendritic field of the cell in the dorso-
ventral direction . This was often unde r - estima ted due to incomplete 
staining or the inability to follow dendrites which became obscured by 
the staining of other structures in peripheral regions (see discussion 
of technical details) . In these cases the radial extensions were not 
included in the calculation of a mean radial extension . 
3. Maximum horizontal spread of basal dendrites . 
4. Maximum horizontal spread of dendrites in the cellular layer . 
5 . Maximum horizontal spread of dendrites in the bilateral somesthetic 
layer (PL3) . 
6 . Maximum horizontal spread of dendrites in the contralateral somesthetic 
layer (PL2) . 
7. Maximum horizontal spread of dendrites in the optic layer (PLl) . 
Means and standard deviations were calculated for the above parameters 
for each cell group . The position of the cell body and the presence of an 
axon were also noted. On the basis of the characteristics of their dendritic 
trees , cells were classified into various basic types , following a simplified 
version of the approach used by Meek and Schellart (1978) for studying the 
goldfish optic tectum. The classification of cells by the pattern of their 
dendritic tree was first suggested by Ramon-Moliner (1962). 
2.3 ULTRASTRUCTURAL STUDY OF THE DEGENERATION OF RETINAL AFFERENT 
TERMINALS i.e. OPTIC SYNAPSES 
Seven axolotls were anaesthetised in 0 . 5% MS222 and both eyes were 
removed from each animal . 
After survival periods of 3 , 4 , 6, 10, 12, 14 or 56 days after the 
operation , the animals were anaesthetised and perfused through the heart 
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for 30 secs with O.lM sodium cacodylate buffer (pH7.2), 0.005% calcium 
chloride , and then with 3% glutaraldehyde , 3% paraformaldehyde , 0 . 005% 
calcium chloride in O.lM sodium cacodylate buffer (pH7 . 2) . The brains were 
0 
left in fixative at 4 C for 4h , washed in 0 . lM sodium cacodylate buffer 
(pH7 . 2 ) for 20 mins with two changes , and then fixed with 1% osmium 
tetroxide in the same buffer , dehydrated in ethanol and embedded in araldite. 
Thin transverse sections were taken from the middle of the optic tectum , 
stained with 10% uranyl acetate in 50% alcohol (Lewis and Knight , 1977) and 
2 .7% lead citrate (Reynolds, 1963 ) and examined with an Hitachi 500 electron 
microscope. To obtain some indication of the time course of optic bouton 
degeneration , the numbers of dense bodies in glial cel ls, degenerating 
synapses and normal looking optic synapses were counted. Ten random survey 
pictures were taken (final magnification 30 , 000x) . Presynaptic elements , 
optic boutons with characteristic mitochondria, dense bodies in glial cells , 
and degenerating synapses were counted . 
Thirty five random survey pictures (final magnification 17 , 500x) were 
taken of the optic neuropile from a normal animal (see Methods 2 . 4) , an 
HRP-treated animal (see Methods 2 .1) and the axolotl , whose eyes had been 
removed 56 days prior to perfusion . Presynaptic elements containing dark 
and light mitochondria were counted in all preparations, taking note of the 
number of elements in each category containing HRP reaction product . 
Histograms were drawn to compare the percentage of presynaptic elements 
with dark and light mitochondria in each animal . 
2.4 MORPHOMETRIC STUDY OF NORMAL OPTIC SYNAPSES 
Nine axolotls were used in this study . Five were anaesthetised in 0 . 5% 
MS222 , perfused for 30 secs with O.lM sodium cacodylate (pH7 . 2 ), 0 . 005% 
calcium chloride , and then with 3% glutaraldehyde , 3% paraformaldehyde , 
0.005% calcium chloride , in O. lM sodium cacodylate (pH7 . 2 ). Four animals 
were decapitated. On ice , their skulls were opened and the brains immersed 
15 
in the above fixative within 2 mins . All nine brains were left in 
0 
fixative at 4 C for 4h , washed in O. lM sodium cacodylate buffer (pH 7.2) 
for 20 mins with two changes , followed by fixation with 1% osmium tetroxide 
in the same buffer , dehydrated in ethanol and embedded in araldite. Thin, 
transverse se9tions were taken from the middle of the optic tectum , stained 
with 10% uranyl acetate in 50% alcohol (Lewis and Knight , 1977) and 2 .7 % 
lead citrate (Reynolds, 1963) and examined with an Hitachi 500 electron 
microscope. 
In five animals approximately 30 optic synapses from each animal , 
with mitochondria and a transversely cut synaptic apposition , were photo-
graphed to a final magnification of 60,000x . Various parameters were 
measured , following the check list suggested by Palay and Chan -Palay (1975) , 
together with those added by Guldner (1978b). Perimeters and areas were 
calculated using an image analyser . Glial covering and length of the 
contact between boutonal and postsynaptic elements were measured using an 
opisometer . The diameters of the optic boutons were calculated by converting 
~ 
the area into a circle (d = 2(area ) ) . Diameters of mitochondria and 
TI 
dendrites were taken as the smallest diameter . With clear and dense-core 
vesicles , the average of largest and smallest diameter was taken . The 
thickest portion of the postsynaptic density was measured . The frequency 
distributions of the various parameters were drawn with the aid of a PDP - 11 
computer and graph plotter . This also gave means and standard deviations . 
These values are not usually given as most of the curves were skewed and 
therefore the data could not be considered as being normally distributed . 
Instead , ranges and peaks are generally quoted . In four normal axolotls , 
approximately 50 random survey pictures (final magnification 30 ,000x) were 
taken through the tectum for studying the general features of the optic 
neuropile . No attempt was made to estimate the numbers of optic synapses, 
or to compare different areas of the tectum . 
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FIG. 3 Drawings of the axolotl brain . a, dorsal view . b , longitudinal section . 
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3. RESULTS 
The optic tectum is a paired structure which forms the roof of the 
mid-brain or mesencephalon (Fig. 3) . In transverse section , the most 
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anterior part of the tectum is cauda l to the posterior commissure (Fig . 4a,d) . 
The most caudal point is anterior to the cerebellum (Fig. 4c, f). A trans-
verse section through the middle of the tectum (Fig . 4b , e) showed that it 
is basically divided into an outer plexiform layer (PLl-3) and an inner 
cellular layer (CLl-3). Very few cells were found in the outer layer, 
which consisted of a few myelinated but mainly unmyelinated axons , and 
dendrites from the cells in the inner layer . The nuclei of the cells in 
the inner cellular layer appeared fairly homogeneous in size, shape and 
distribution . In this study the outer plexiform and the inner cellular 
layer were each divided into three (Fig . 4e). 
3.1 LIGHT AND ELECTRON MICROSCOPIC INVESTIGATION OF THE RETINO-TECTAL 
PROJECTION USING THE HRP TRACING TECHNIQUE 
3.1.a Light Microscopic Results (Figs. 5-13) 
The contralateral retino-tectal projection extended from the most 
rostral point to within 200µm of the caudal extreme of the tectum (Fig . 5) . 
Terminals (spot like reaction product) (Fig. 7) and fibres (threads of 
reaction product) (Fig. 7) were found throughout the superficial half of 
the plexiform layer (approx. lSOµm). Optic fibres tended to concentrate in 
the upper part of the tectum but no distinct lamination was detectable 
(Fig . 6). The projection appeared to be denser in the rostrnl portion of 
FIG. 4 lµm araldite transverse sections through the axolotl 
tectum , staine d with toluidine blue . 
a, anterior tectum. b , mid tectum; rectangle indicates 
area used for electron microscopy; c , caudal tectum. 
Calibration bar for a , b , c = 150µm . 
d, anterior tectum; tc , tectal commissure; pc , posterior 
commissure; T, tectum. e , mid tectum , area used for 
electron microscopy as shown in rectangle of b , showing 
divisions of outer plexiform layers (PLl , PL2, PL3) and 
inner cellular layers (CLl, CL2 , CL3) used in this study. 
f , caudal tectum , PL plexiform layer; CL , cellular layer. 
Calibration bar ford , e , f = lOOµm. The degree of 
staining in a - f is variable . 
s 
or 
g 
y. 
er. 
\ j ,, \ 
a 
........... 
.. 
d 
• • 
• 
·- -
.,. 
• 
I 
-
\ 
··~ .. 
. 
I 
FIG. 5 Camera lucida drawings of typical distribut ion of ipsi and 
contralateral optic termination in the axolotl tectum. 
Proceeding from the top of the page rostro-caudally in 
120µm steps. 
C , Contralateral; I, Ipsilateral; CL , Cellular layer; 
PL , Plexiform layer. 
Symbols on the top drawing apply throughout figure . Lines 
and dots represent fibres and terminals respectively . 
Calibration bar= 200µm . 
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FIGS . 6-9 
FIG. 6 
FIG . 7 
FIG. 8 
FIG. 9 
Micrographs of the contralateral retino-tectal projection 
shown by filling the optic nerve with HRP and reacting it 
with benzidine dihydrochloride. 
P, pial surface. 
Reaction product is seen throughout the superficial half of 
the outer plexiform layer (PL); CL , cellular layer; 
V, ventricle. The i ps ilatera l projection cannot be seen at 
this magnification. Calibration bar= lSOµm . 
Ventrolateral tectum . Threads (arrows) and specks 
(asterix) of reaction product can be seen , filling fibres 
and terminals respectively. CL , cellular layer . 
Calibration bar= SOµm. 
Darkfield micrograph of dorsomedial tectum . A bright band 
of reaction product can be seen in the superficial part of 
the contralateral tectum (arrows). Ipsilateral projection 
cannot be seen clearly at this magnification. 
Calibration bar= lOOµm. 
Darkfield micrograph of dorsomedial , contralateral 
projection . Bright band of threads and dots (arrows) can 
be seen in superficial part of tectum. 
Calibration bar= SOµm . 
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FIG . 10 
FIG. 11 
FIG. 12 
FIG. 13 
Micrographs of the ipsilateral retino- tectal projection 
shown by filling the optic nerve with HRP and reacting i t 
wi t h benzidine dihydrochloride . Needle-l ike crysta l s of 
reaction product contaminate some of the sections (C). 
Ventrolateral area of the tectum . Fibres (arr ows ) are 
filled with reaction product . 
Calibration bar= SOµm . 
Darkfield micrograph of ventrolateral area of t he tectum. 
Fibres (arrows ) and terminals (asterisk) can be seen . 
Calibration bar= SOµm . 
Dorsomedial area of tectum . Ipsi l ateral ret i no- tect a l 
fibres (arrows) can be seen . Calibration bar= SOµ m. 
Dorsomedial area of tectum . Ipsilateral retino- tecta l 
fibres (arrows) can be seen . Calibration bar= SOµm . 
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the tectum than in the caudal part . An ipsilateral retino-tectal projection 
was also found . It did not extend as far caudally (by abou t 200µm) as the 
contralateral one (Fig.5). The projection was extremely small and restricted 
to the mediodorsal and ventrolateral areas of the tectum (Figs . 5, 10-13). 
In preparations where uptake appeared to be the greatest, a smal l number of 
terminals and fibres were also observed in the more ventral part of the 
optic neuropile (Fig. 11). 
The amount of ipsilateral staining varied somewhat between animals . 
However , as the strength of the reaction on the ipsilateral side was 
matched by the relative strength on the contralateral side (i . e . the 
animal showing the strongest reaction on the contralateral side , showed the 
strongest ipsilateral reaction) , I feel that the variability is in the 
technique (e.g. HRP diffusion along the optic nerve) rather than an actual 
difference in the extent of the projection . Two animals showed DO detect-
able ipsilateral retino-tectal projection at all (one from each light 
microscopic method); however in these cases the contralateral one was also 
weakly stained . 
3.1.b Electron Microscopic Results (Figs. 14, 15, 32, 35) 
Optic axons and boutons filled with HRP are clearly visible in low 
power, unstained electron micrographs of both contralateral and ipsilateral 
tecta (Figs·. 14 , 15) . The synaptic vesicles and synaptic appositions of the 
synapses can stil l be seen (Figs. 32, 35) . The mitochondria have an electron-
lucent matrix and tubular inner membrane similar to that described in the optic 
synapses of the rat suprachiasmatic nucleus (Guldner , 1978a , b) . Terminals 
of both the ipsilat~ral and the contralateral p rojections showed similar 
features . In the areas compared (i.e. rostral , mediodorsal optic neuropile), 
the number of HRP filled terminals in the ipsilateral tectum amounted to 
about 3% of that in the contralateral tectum . This means that taking the 
optic neuropile as a whole , the percentage is probably less than 1%. 
FIGS. 14, 15 
FIG. 14 
FIG. 15 
Sur vey e l ectron micrographs of axo l o tl tec t um (uns t a ine d). 
OB , Optic bouton ; OA, Optic axon ; M, Mitochondr i on . 
Calibration bar= lµm. 
Contralateral tectum . 
Ipsi l ateral tectum . 
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3.2 GO LGI STUDY 
The cell sizes in the axolotl tectum did not vary much in size, 
ranging from about 15-30µm in diameter. The cells were usually pear-shaped, 
their height being greater than their width. The cells occurring in the 
outer plexiform layer were usually slightly smaller and rounder (see Table 2) . 
Nearly all cells that were stained well enough to study lay in the outermost 
part of the cellular layer (CLl) . 
The cell types as categorised in this study will now be described in 
detail. 
Radial, widely branching cells (RW) (Figs. 16 - 19, 22) 
The majority of cells stained were of this type . Of the 23 cells of 
this kind studied quantitatively , 19 occurred in layer CLl , 3 slightly lower 
in CL2 and 1 in the deeper part of the cellular layer CL3 . They were 
radially-oriented. One a~ical dendrite left the dorsal side of the cell 
body, it branched in the innermost part of the outer plexiform layer (PL3). 
Most of the branches coursed at an angle towards the dorsal surface of the 
tectum . The widest part of the dendritic tree was generally just below the 
optic layer in PL2 where many of the branches appeared to terminate. Some 
branches continued into the optic layer where a fairly wide dendritic tree 
was maintained. It is possible that the width of the dendritic tree was 
underestimated in the optic layer (PLl) due to incomplete staining or 
inability to follow the processes to their termination . Many of the finer 
branches had a slightly beaded appearance (F.i.gs. 16 , 17 , 19). The beads 
were 2-4µm in diameter and resembled longitudinal sections through post -
synaptic elements (Pl) in electron micrographs both in size and shape 
(cf. Fig. 51) . The dendrites sometimes possessed protuberances or spines , 
many of which were drumstick-shaped (Figs. 16-18). A similar shape was 
occasionally seen in the electron microscope (Fig. 52) . Fifty percent of 
this type of cell had basal dendrites . They had a much narrower dendritic 
spread than the apical ones . The dendrites and the cell bodies sometimes 
CELL BODY DENDRITIC FEATURES 
CELL 
TYPE METHOD 
CELLULAR PLEXIFORM LAYERS HT WTH RADIAL BASAL LAYER 
PL3 PL2 PLl 
WR GR 22 ± 5 17 ± 4 212 ± 70 43 ± 17 57 ± 31 81 ± 57 108 ± 62 96 ± 83 
(23) GK (23) (23) (12) (11) (15) (18) (16) (5) 
GC 
NR GR 21 ± 3 18 ± 4 230 ± 69 30 ± 3 27 ± 10 15 ± 6 14 ± 8 63 ± 54 
(8) GK ( 7) (7) (8) ( 3) (5) (6) ( 4) ( 4) 
GC 
H GK 21 ± 6 17 ± 4 110 ± 12 25 ± 7 25 ± 7 178 ± 81 187 ± 96 -
( 4) GC (4) (4) (4) (2) (2) (4) (3) 
M GR 20 ± 0 20 ± 0 133 ± 42 80 ± 28 90 ± 42 107 ± 11 - -
( 3) GC (3) (3) (3) (2) (3) (3) 
s GR 18 ± 8 16 ± 5 116 ± 70 - - 133 ± 59 96 ± 36 116 ± 27 
(9) GC (9) (9) (9) (4) (8) (5) 
TABLE 2 Table showing the quantitative results on measurements of different cell types. 
Measurements are in µm, figures in parenthesis represent numbers studied . 
• 
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FI G. 16 Camera lucida drawing of an RW cell stained using the Golgi-
Kopsch method . Arrows show areas of beading . 
Calibration bar= 20µm . 
a , High power micrograph of beading . Calibration bar= Sµm. 
b , Low power camera lucida drawing showing posi t ion of cell 
in the tectum ; PL , plexiform layer ; CL , ce llular l ayer. 
Calibration bar= SOµm . 
olgi-
Sµm . 
cell 
FIG. 17 Camera lucida drawing of an RW cell stained using the rapid 
Golgi method . Arrows , asterisk and arrowhead show beads, 
spines and possible axon respectively . Calibration bar= 
a , High power micrograph of beading . Calibration bar= 5µm. 
b , Low power camera lucida drawing showing position of cell 
in the tectum; PL , plexiform layer; CL , cellular layer . 
Calibration bar= 50µm . 
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FIG. 18 Camera lucida drawing of an RW cell stained using the rapid 
Golgi method . Asteriskshow spines . Calibration bar= 20µm. 
a , Low power camera lucida drawing showing position of cell 
in the tectum; PL , plexiform layer ; CL , cellular layer. 
Calibration bar = SOµm. 
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FIG. 19 Micrograph of an RW cell stained using the Golgi-Kopsch method. 
Arrows show areas of beading . Calibration bar= 20µm . 
a , High power micrograph of beading . Calibration bar= Sµm. 
b, Low power camera lucida drawing showing position of cell 
in the tectum; PL , plexiform layer; CL, cellular layer. 
Calibration bar= SOµm . 
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bore spines and beads. If axons were present they were difficult to 
recognise (Fig. 17) and could not be followed more than about SOµm. It is 
possib le that they continued on adjacent sections and were not recognised 
as such. Terminal arborisations of these axons were never observed. Nine 
of the cells possibly had axons, they emerged from the cell body or the 
apical dendrite in layer PL3. One of the cells sent a process from the 
ventral surface of the cell body into the cellular layers (i.e. bipolar). 
It did not branch in the lower layers (Fig. 18). 
Radial, narrow dendritic tree (RN) (Figs. 20, 21) 
Of the eight cells of this type studied quantitatively , 5 of them 
occurred in layer CLl, 2 in layer CL3 and the position of the cell body of 
the remaining neuron was obscured . These cells were radially-oriented; the 
apical dendrite left the dorsal side of the cell body and coursed towards 
the surface of the tectum, without any major branching until the optic 
neuropile . The apical dendrites were smooth or gave off small branches or 
drumstick-shaped spines and protuberances (Figs. 20,21). The more peri-
pheral branches were sometimes beaded and looked similar to those described 
in the previous cell type (Fig. 20). Axons were difficult to identify but 
if present they emerged from the cell body or the apical dendrite in layer 
PL3, and could not be followed more than lOOµm in the horizontal direction. 
In one cell (Fig. 21) the axon appeared to follow a similar course to the 
apical dendrite and remain in close contact with it. Terminal arborisations 
were never observed. Three of the cells had basal dendrites, whose horiz-
ontal extension was limited (Table 2 ). 
Horizontal cells (H) (Figs. 23, 24) 
All these cells occurred in layer CLl. The most completely stained 
dendrite profile seen branched near the cell body. The two branches coursed 
in opposite directions in the horizontal plane, spanning 300µm of the tectum. 
Tertiary branches were given off which generally took a radial course; they 
appeared to terminate just below the optic layer. Incomplete staining and 
difficulty in following more peripheral branches could possibly have caused 
FIG. 20 Camera lucida drawing of an RN cell stained using the rapid 
Golgi method . Arrows and arrowhead show beading and possible 
axon respectively. Calibration bar= 20µm. 
a, High power micrograph of beading. Cal ibration bar= Sµm. 
b , Low power camera lucida drawing showing position of cell 
in the tectum; PL , plexiform layer; CL , cellular layer. 
Calibration bar= SOµm. 
' 
FIG . 21 Micrograph of an RN cell stained with the rapid Golgi method. 
Asterisk and arrowheads show spines and possible axon 
respectively . Calibration bar= 20µm . a , High power 
micrograph of cell body region and spine (asterisk). 
Calibration bar= Sµm. b , Low power camera lucida drawing 
showing position of cell in the tectum; PL , plexiform layer; 
CL , cellular layer. Calibration bar= SOµm . 
a. 
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FIG. 22 
FIG. 23 
Camera lucida drawing of an RW cell stained with the rapid 
Golgi method. Arrow, asterisk and arrowhead show beading, 
spines and possible axon respectively. Calibration bar 20µm . 
a, High power micrograph of a spine. Calibration bar= Sµm. 
b, Low power camera lucida drawing showing position of cell 
in the tectum; PL, plexiform layer; CL, cellular layer. 
Calibration bar= SOµm . 
Camera lucida drawing of an H cell stained with the Golgi-
Kopsch method . Arrow and asteriskshow beading and spines 
respectively . Calibration bar= 20µm . 
a, Low power camera lucida drawing showing position of cell 
in the tectum; PL , plexiform layer; CL, cellular layer. 
Calibration bar= SOµm. 
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an underestimation of the radial extension of the dendrites . Nothing 
resembling an axon was observed on this type of cell. 
Multipo lar cells (M) (Fig. 25) 
22 
Three of the cel l s stained and examined were situated in layer CLl. 
They could not be put ·into any of the categories above. Dendrites emerged 
from more than 2 sides of the cell body i.e. they were multipolar and not 
oriented in any particular direction . The processes stretched a similar 
distance in all directions , for not more than lOOµm (see Table 2) . 
Sup~rfic ial cells (S) (Fi gs . 26, 27) 
Nine of the cells stained and studied were situated in the outer 
plexiform layer . They occurred below the optic neuropile in layer PL2 or 
the PL2/PL3 border . There were various shapes encountered, consequently 
these cells should probably not be regarded as a homogeneous group . It was 
not feasible , however , to make a more detailed classification , as so few of 
them were collected. They were either oriented in a radial direction , a 
horizontal direction , or no particular direction (Fig . 26) . They usually 
sent processes into optic (PLl) and non-optic (PL2, PL3) layers , but never 
into the cellular layers . The Golgi - Cox technique appeared to stain these 
cells most reliably (7 out of the 9 ). Processes resembling axons were not 
observed . The cell body and dendrites sometimes had spines. 
The features of the various cell types described above are reflected 
in Table 2 , showing the quantitative measurements of the various parameters . 
No attempt was made to judge the extension of cells in a rostro - caudal 
direction as few sagittal sections were cut . 
Glia l cells (Fig. 28) 
Gl ial cells s t ained with all methods used . Ependymal glial cells 
were most frequently stained (Fig . 28 ). They lined the ventra l surface of 
the tectum bordering t h e ventricle . They sent long branched feathery 
Processes to the dorsal surface of the tectum , where they ended in club-
FIG. 24 
FIG. 25 
Micrograph of an H cell stained with the Golgi -Kopsch 
method. Arrow and asterisk show beading and spines respectively. 
Calibration bar 20µm. a, High power micrograph of beading. 
Calibration bar Sµm. b, Low power camera lucida drawing 
showing position of cell in the tectum; PL , plexiform layer; 
CL , cellular layer . Calibration bar= SOµm. 
Micrograph of an M cell stained with the rapid Golgi method. 
Asterisk show spines. Calibration bar = 20µm . 
c, Low power camera lucida drawing showing position of cell 
in the tectum; PL , plexiform layer ; CL, cellular layer. 
Calibration bar= SOµm . 
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FIG . 26 
\ 
Camera lucida drawings of cells occurring in the outer plexiform layer 
stained with the Golgi-Cox method . Calibration bar= 20µm. 
a, b , c, Low power camera lucida drawings showing position of cells 
in the tectum; PL, plexiform layer; CL , cellular layer . 
Calibration bars= SOµm . 
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FIG . 27 Micrograph showing a cell stained in the outer plexiform 
layer , using the Golgi - Cox method . Calibration bar= 20µm. 
a , Low power camera lucida drawing showing position of cell 
in the tectum . Calibra t ion bar= SOµm . 
1 
• 
• 
27 
FIG. 28 Micrograph showing a glial cell stained using the rapid 
Golgi method. CL, cellular layer; PL , plexiform layer; 
V, ventricle. Arrows show feathery processes . 
Calibration bar= 20µm. 
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like swellings . They resembled structures seen under the electron micro-
scope. Other types of glial cells ~ere occasionally observed in the outer 
plexiform layers. A mass of processes emerged from the cell body, spreading 
for a short distance in all directions. 
Axons 
The terminal arbors of axons were not studied . When incoming axons 
were stained it was generally impossible to trace them to any extent . 
3.3 IDENTIFICATION OF OPTIC SYNAPSES BY DEGENERATION AND HRP TECHNIQUES 
In normal preparations of axolotl tectum there was always a population 
of mitochondria which had a lighter matrix than others; they occurred in 
the superficial lSOµm of the tectum, found to receive a retinal projection 
in this study and previously by autoradiography (Guillery and Updyke, 1976). 
These pale mitochondria were found in irregularly shaped boutonal elements 
which had round synaptic vesicles scattered throughout the terminal (Fig. 29a) . 
They were similar to those of retinal origin in the frog optic tectum 
(Szekely et al , 1973; Szekely and Lazar, 1976). There was no apparent 
difference in the optic neuropile of animals fixed by perfusion and those 
fixed by immersion . 
The largest amounts of degeneration products could be seen four days 
after eye removal . Most of the degenerating material appeared as dense bodies 
in glial cells . Only a very small number of degenerating synaptic boutons, 
showing a dark reaction of the cytoplasm , were observed (Figs. 36 , 37). 
Earlier stages of degeneration involving vesicle enlargement and boutonal 
swelling could not be found , although occasionally synapses with synaptic 
vesicles sequestered within a membrane, as well as membrane-bound dense 
b d' 0 ies , were seen (Figs. 38-41 ). In the animal whose eyes had been removed 
4 days before perfusion , the number of presynaptic elements with light 
rn . 1 tochondria was about 15% of the number seen in normal animals (Fig. 43). 
In the animal perfused 14 days after eye removal 99% of the presynaptic 
FIG. 29 Survey electron micrographs of the optic neuropile in the 
axolotl tectum. a , normal animal . b, axolotl whose optic 
nerve has been filled with horseradish peroxidase . 
Mitochondria with an electron-lucent matrix are seen in 
presynaptic (asterisk)and axonal (arrow) elements in a and 
b . In b they are found in neuronal elements filled with 
the electron-dense reaction product of horseradish 
peroxidase. 
Calibration bar= lµm. 
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FIG. 30 
FIG. 31 
FIG. 32 
Survey electron micrograph of the optic neuropile in the 
tectum of an axolotl which had both eyes removed 56 days 
before perfusion. All mitochondria have an electron-dense 
matrix. 
Calibration bar lµm . 
Normal optic bouton with pale mitochondrion (M), 
vacuole (Va) , synaptic vesicles (SV) , and microtubules (t). 
It contacts a small postsynaptic element (Ps) and a 
postsynaptic element (Pl) with a dark mitochondrion (Md). 
Both contacts are Gray type I (arrows) . 
Calibration bar= 0 . 2µm . 
Horseradish peroxidase filled optic bouton with synaptic 
vesicles (SV) , pale mitochondrion (M) , synaptic vesicles 
(SV) , and synaptic apposition (SA) contacting a postsynaptic 
element (Pl ' ). The cytoplasm shows an electron-dense reaction. 
Calibration bar= 0 . 2µm . 
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FIG. 33 
FIG. 34 
FIG. 35 
FIGS. 36, 37 
Normal optic bouton with pale mitochondrion (M), vacuole 
(Va), synaptic vesicles (SV), dense-core vesic l e (dcv) , 
and microtubules (t) . It contacts a small postsynaptic 
element (Ps) with a Gray t ype I synaptic apposition (SA) 
with a prominent postsynaptic density (psd) . 
Calibration bar= 0 . 2µm . 
Normal optic bouton showing a Gray type II (two arrows) as 
well as a slightly obliquely cut Gray type I (one arrow) 
synaptic apposition . M, mitochondrion. 
Calibration bar= 0 . 2µm . 
Horseradish peroxidase filled optic bouton contacting 
small postsynaptic element (Ps). Pale mitochondrion (M), 
synaptic vesicles (SV) and synaptic apposition (SA) are 
clearly visible. 
Calibration bar= 0.2µm. 
Degenerating optic boutons in contralateral optic tectum 
four days after both eyes were removed . Mitochondria (M) , 
synaptic appositions (arrows), and slightly swollen 
synaptic vesicles (SV) are visible . The cytoplasm shows 
an electron-dense reaction . 
Calibration bar= 0.2µm . 
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FIGS. 38-42 
F 1G. 38 
FIG. 39 
FIGS. 40 , 41 
FIG. 42 · 
Possible stages in the degeneration of optic boutons . All 
these stages could be found in the tectum of animals three 
or four days after both eyes were removed . 
Calibration bar= 0 . 2µni . 
Bouton containing synaptic vesicles sequestered within a 
membrane (asterisk). 
Bouton containing: synaptic vesicles sequestered within a 
membrane (asterisk); a membrane-bound electron-dense body 
(DB); and a synaptic apposition (arrow) . 
Boutons containing a membrane-bound electron- dense body (DB), 
synaptic appositions (arrows) and mitochondria (M) . 
Glial cell containing degenerating debris in membrane-bound 
dense bodies (DB). 
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FIG . 43 a, Graph showing the number of normal optic boutons in the 
optic neuropile against the number of days after eye removal. 
b, The comparison of the percentage of presynaptic elements 
with dark (D) and light (L) mitochondria in the optic 
neuropile of a normal (N) , an HRP filled, and an ax.olotl 
whose eyes were removed 56 days before perfusion (ER) . 
Shading shows the percentage filled with reaction product . 
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boutons had dark mitochondria (Fig . 43). Some neuronal elements which look 
similar to those assumed t o be optic were found ventral to the optic 
neuropi l e . Care was therefore taken not to stray into this area during 
sampling . 
I n the normal axolotl optic neuropile , about 35% of the presynaptic 
elements with mitochondria had one that showed an electron - lucent matrix 
(,Fig. 43b) . 
In the HRP-filled specimens 84% of the filled optic boutons had 
mitochondria with an electron-lucent matrix , 16% of the boutons having 
moderately dark mitochnodria (Fig. 43b). Light mitochondria occurred in 
unfilled structures also . Just under 50% of presynaptic elements with pale 
mitochondria were filled with HRP (Fig. 43b). 
The fact that HRP was rarely found in boutons containing dark 
mitochondria, together with the observation that the number of boutons 
containing light mitochondria fell dramatically after eye removal , suggests 
that the presence of light mitochondria is a diagnostic feature of optic 
boutons in the axolotl optic tectal neuropile , with only a low probability 
of error . 
3.4 MO RPHOMETRIC ANALYSIS OF IDENTIFIED OPTIC BOUTONS AND ASSOCIATED 
STRUCTURES 
The various parameters investigated will be considered in turn . 
Only those boutons with a light mitochondria and transversely cut synaptic 
appositions were taken. 
Optic Boutons (Figs. 31, 33, 34, 48-50, 53-56) 
Diameters ranged from 0 . 3 - l . 6µm , with a peak between 0 .5 and 0.7µm 
(Fig. 44a). The mean diameter of the boutonal profiles (d) was 0.72µm; 
however , the mean diameter of the b outons (D = l. OSµm ) can be derived from 
the individual diameters of boutonal profi l es with the formula given by 
Fullman (see Williams, 1977). This is D = 1T 
2 
N 
, where 1 1 d+ ... d 
2 H 
N = total number of diameter profiles me asured and q = diameter measured 
for any individual profile (d 1 ... dN). It is always larger (approximately 
i times ) than the mean diameter of the profiles , because in spherical 1T 
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structures the largest diameter is statistically less often sectioned than 
shorter profiles. 
and 3µm (Fig. 44b). 
Perimeters ranged from 1.5 - 8µm with a peak between 2.5 
2 Areas ranged from 0.1 - l.75µm with a peak between 
0.25 and 0.5µm 2 (Fig. 44c). 
Mitochondria (Figs. 31, 33, 34, 48-50, 53-56) 
A section through an optic bouton usually only showed one mitochon-
drion , although up to 3 have been observed . Their diameters ranged from 
0.05 - 0.4µm with a peak between 0.1 and 0.2µm (Fig. 44d). The areas of the 
mitochondria in relation to those of the boutons ranged from 2% - 50% with 
a peak between 5% and 15% (Fig. 44e). 
Dense-Core Vesicles (Figs. 33, 56) 
30% of sections through optic boutons had dense-core vesicles. The 
number of dense-core vesicles occurr ing in a section through an optic 
2 2 bouton varied from O - 5 (or O - 17 /µm with a peak at 3/µ m - Fig. 47b) . 
Their diameters ranged from 30 - 100nm, with a peak between 60 and 80nm 
(Fig. 44f). 
Clear Vesicles (Fig. 33) 
Diameters ranged from 25 - 83nm with a peak between 38 and 42nm 
(Fig. 46a). The histograms of vesicle diameters in 10 individual boutons 
Were also constructed (Fig. 45). The shape of the curves did not vary very 
much , nor did the mean vesicle diameters (40-45nm). There were between 5 
and 280 vesicles per µm 2 of bouton, with a peak at about 120-140. 
8Ubtracting the mitochondrial area shifted the range to between 6 and 320 
2 Vesicles with a peak at 140-160 per µm of boutonal cytoplasm (Fig. 46b). 
Vacuoles (Fig. 33) 
73 % of sections through optic boutons did not show any section 
through a vacuole. The remaining 27% showed 1 or 2 · vacuolar profiles . 
Multivesicu l ar bodies were observed in 2 optic boutons (1 %). 
Glycogen Granules (Fig. 49) 
Glycogen granules were recognised by their size (20- 35nm ) and dark 
even staining . Approximately 70% of sections through optic boutons had 
glycogen granules; there were usually under 10 although occasional ly as 
many as 24 were counted. 
Micro tubules (Fig. 33) 
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Approximately 50 % of sections through optic boutons had microtubules. 
Their numbers usually ranged from 1-13 although occasionally as many as 40 
were observed . They often lay near the mitochondria. 
Length of Direct Contact (synaptic apposition and unspecific membrane contact) 
between the Membranes of Optic Boutons and those of their Postsynaptic 
Elements 
This ranged from 0 .17µm to 2µm with a peak a t 0 . Sµm (Fig. 46c). 
Sometimes the synaptic apposition was the on ly contact . The rest of the 
surface of the optic bouton wa s contacted by other neuronal elements or by 
glial processes . 
Synaptic apposition (Figs. 31, 33, 34, 48-50, 53-56) 
Sections through optic boutons sometimes showed 2 synaptic appos-
itions , a lthough often on ly one of them was transversely cut . Their lengths 
ranged from 0.05-0.7µm with a peak between 0.15 and 0.25µm (mean diameter 
of profi les d = 0.25µm, mean synaptic apposition diameter D = 0.33µm - cf . 
boutons ) (Fig . 46d). The length of the synaptic appositions made up between 
2 and 24% of the perimeter of the optic bouton with a wide peak between 4 
and 10% (Fig. 46e). 
Dense Projections (Fig. 50) 
The h eight of the dense projections ranged from 10-70nm with a peak 
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between 30 and 40nm (Fig. 46f). The lengths of the bases of single 
projections (or width) ranged from 10-90nm with a peak between 40 and 50nm 
(Fig . 47a). 
Synapt ic Cleft (Fig. 48) 
Since the width of the synaptic cleft can vary in one synaptic 
apposition , the average width was measured. It ranged in different synaptic 
apposi tions from 6-18nm. 
Postsynaptic density 
The postsynaptic density thicknesses ranged from Oto 90nm with a 
peak between 30 and 40nm (Fig . 47c) . Thus the majority of synapses (84%) 
could be classified as Gray type I (Gray , 1959) or asymmetric (Colonnier , 
1968) (Fig . 31 , 33) . About 16% of the synaptic appositions showed a post-
synaptic density less than 20nm thick and by the criteria of Akert (1972) , 
they can be classified as Gray type II (Gray, 1959) or symmetric (Colonnier , 
1968) (Fig. 56) . Occasionally an optic bouton had a Gray type I apposition 
with one postsynaptic element and a Gray type II apposition with another 
(Fig. 34). 
Postsynaptic Elements (Figs. 48-54) 
Diameters ranged from less than 0 . 2 up to almost 2µm. Approximately 
70% of them had diameters between 0 . 2 and 0 . 6µm (Fig. 47d). Optic synapses 
were never observed contacting cell bodies which are only rarely found in 
the optic neuropile. Various postsynaptic elements could be distinguished 
morphological grounds . 
The first type was characterised by an electron-lucent cytoplasm , 
mitochondria , and few microtubules (Fig. 48) . In longitudinal section 
appeared to be beaded structures (Fig. 51) . The narrower portions had 
microtubules . They occurred throughout the optic neuropile and at least 
of the optic boutons contacted this type of postsynaptic element . They 
not have any constant orientation and could be branches of main radial 
FIG. 44 Frequency distributions of various parameters of optic 
boutons. a , DOB - diameters of optic boutons (Ns = 158 ); 
b, POB - perimeters of optic boutons (Ns = 158); 
c , AOB - areas of optic boutons (Ns = 158); d , DMi -
diameters of mitochondria in optic boutons (Ns = 178); 
e , AMi/AOB - relationship between mitochondrial and 
boutonal area (Ns = 153); f , D dcv - diameters of dense-
core vesicles (Ns = 86). 
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FIG. 45 Frequency distributions of the diameters of clear vesicles 
(DV) in 10 individual optic boutons . 
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FIG. 46 Frequency distributions of various parameters of optic 
boutons . a , DV - diameters of clear vesicles (Ns = 435); 
2 
b, NV/AOB - numbers of vesicle profi l es per lµm of 
boutonal area . Clear columns: mitochondrial areas included; 
black columns: mitochondrial area excluded (Ns = 158); 
c , COB:De - lengths of direct (specific anrl unspecific ) 
contact between optic boutons and their postsynaptic 
elements (Ns = 173) ; d, DAZ - lengths of synaptic 
appositions (Ns = 174); e , DAZ/POB - relationships between 
lengths of the synaptic appositions and perimeters of optic 
boutons (Ns = 158); f , ht dp - height of the dense projections 
(Ns = 98) . 
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dendrites . They are similar to the dendritic appendages described in the 
frog (Szekely et al 1973; Szekely and Lazar, 1976). About 14% of optic 
boutons contacted postsynaptic elements similar to those described above 
(with pale cytoplasm and dark mitochondria) , but with synaptic vesicles 
scattered throughout the element. Three percent of the latter postsynaptic 
elements were found to be presynaptic to other profiles , forming serial 
synapses (Fig. 49 ). The second type showed a large number of microtubules 
and was probably formed by the main dendritic stems and their primary 
branches . Only 4% of the optic boutons contacted this type of postsynaptic 
element (Fig. 54). Five percent of the optic synapses contacted postsynaptic 
elements characterised by microtubules and large mitochondria with a pale 
matrix (Fig. 50). They were not seen in all animals. Twenty seven percent 
of the postsynaptic elements contacted by optic boutons were small and could 
not be classified into any of the above groups (Figs . 33 , 35 , 55). 
Attachment Plaques (Fig. 53) 
Attachment plaques are membrane specialisations which can be 
recognised by an accumulation of electron- dense material both pre - and post-
synaptically (Fig. 53 ). Just under 5% of the sections through optic 
boutons had attachment plaques. Their lengths ranged from 0.05-0.22µm . 
Glial cells (Fig. 57) 
The most common glial processes could usually be distinguished from neuronal 
elements in the optic neuropile by their electron-lucent cytoplasm and the 
frequent occurrence of filaments and vacuoles (Fig. 57) . The glia l mito-
chondria showed a homogeneously dark matrix, and few cristae . The processes 
are similar to the astrocytic processes described in the fish tectum 
(Laufer and Vanegas , 1974). Darker glial elements were sometimes seen , but 
no attempt was made to classify them. It was sometimes difficult to 
distingui sh between the pale glial and dendritic elements (Fig. 57). 
Consequently a certain error is inevitable. Wrapping or covering the 
bouton and dendrites by glial elements was in fact very sparse . Both 
FIGS. 48, 49, 50 
FIG. 48 
FIG. 49 
FIG. 50 
Postsynaptic elements contacted by optic boutons (OB) 
synaptic appositions - arrows . 
Normal optic bouton showing synaptic cleft (SC ) , 
contacting pale postsynaptic element (Pl) with dark 
mitochondrion (Md) and a large pale postsynaptic 
element (Pl') containing a few clear vesicles (SV). 
A glial process (G) contacts part of the optic bouton 
and postsynaptic element . Calibration bar= 0 . 2µm . 
Normal optic bouton with glycogen granules (g), 
contacting a postsynaptic element (Pl ') with a dark 
mitochondrion (Md), and containing synaptic vesicles 
(SV) . The element postsynaptic to the optic synapse 
is presynaptic to another neuronal element , forming a 
serial synapse (arrows). Calibration bar= 0.2µm. 
Normal optic bouton with a dense projection (dp) 
contacting a pale postsynaptic element (Pl) with a 
dark mitochondrion (Md) and a postsynaptic elem~nt (Ps ) 
with a lightmitochondrion (Ml) and microtubules ( t ). 
Calibration bar= 0 . 2µm . 
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FIG . 51 
FIG. 52 
Longitudinal section through a pale postsynaptic e l ement 
(Pl) with dark mitochondria (Md) . It has a beaded appear-
ance . There are many microtubules (t) concentra t ed in the 
narrow portion of the pos tsynaptic element . 
Calibration bar= O. Sµm . 
Section through a drumstick- shaped postsynaptic element 
(Pl) which branches from a radially orientated element 
(arrow) . Calibration bar= O. Sµm . 

FIG. 53 
FIG. 54 
FIG. 55 
FIG. 56 
Normal optic bouton with synaptic apposition (SA) and 
attachment plaque (arrow) contacting the same postsynaptic 
element. Calibration bar= 0.2µm. 
Normal optic bouton (OB) contacting postsynaptic element 
(P2) with microtubules (t). Calibration bar= 0.4µm . 
Normal optic bouton contacting (arrows) two small 
postsynaptic elements (Ps). M, mitochondrion . 
Calibration bar= 0.2µm. 
Normal optic bouton contacting postsynaptic element (Pl) 
with a Gray type II synaptic apposition (arrows) . 
M, mitochondrion; dcv , dense-core vesicle . 
Calibration b a r= 0.2µm. 
ic 
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structures were usually contacted by other neuronal elements. Only 46% 
of optic boutons showed any glial contact . When glial wrapping was apparent, 
the percentage of the bouton profile contacted was usually small, but 
sometimes reached 50% (Fig. 47e). Thirty percent of the postsynaptic 
elements had glial cov.ering . When present the glial wrapping sometimes 
contacted 60% of the boutonal profile (Fig . 47f). Glial cells did not 
obviously surround groups of synapses in glomerular structures , as has been 
noted in frog tectum (Szekely et al , 1973; Szekely and Lazar , 1976) . 
FIG. 57 Survey electron micrograph of the optic neuropile , showing 
glial processes (G) with dark mitochondria (Md) filaments 
(arrows) and vacuoles (Va) . Some glial processes (G?) may 
be confused with pale postsynaptic elements. OB: optic 
bouton. Calibration bar= 0.5µm. 
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4. DISCUSSION 
This thesis has concentrated on the relationship between the retina 
and the tectum in the axolotl. Ganglion cells in the retina send optic 
nerve fibres to the tectum , forming one of its largest inputs . The retino-
tectal projection has been mapped by light microscopy. The cells in the 
tectum have also been investigated using Golgi techniques . At least some 
of these cells must receive direct input from the optic nerve fibre termin-
ations . The ultrastructure of the tectal area receiving retinal input , i . e. 
the optic neuropile, has been studied in detail. In the following pages 
these results will be discussed in relation to the findings in other 
vertebrates , especially anuran amphibians which are phylogenetically the 
closest vertebrates to urodeles. 
The tectum receives inputs from many other areas of the brain and 
sends fibres to an equally large number. Similarly , as well as sending 
optic nerve fibres to the tectum , the retina innervates other centres in 
the brain . These factors have not been well studied in urodeles and have 
not been investigated for this thesis. What is known about these connections 
in other vertebrates will be discussed in order to give a more compl ete 
Picture of the optic te c tum and its relationship to the rest of the brain . 
4.1 COMPARI SON OF TH E RETINO-TECTAL PROJECT ION IN THE AXOLOTL WITH THAT 
IN OTHER VERTEBRATES 
In t he axolotl , the horseradish peroxidase method of tracing the 
retino-tectal projection gave similar results to the degeneration methods 
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used by Jackway and Riss (1972), and Gruberg (1973), in the tiger salamander 
(Ambystoma tigrinwn) , and Zakon (1978) in the red-backed salamander (Plethoden 
ainereus) . Autoradiographic methods used by Guillery and Updyke (1976) in 
the axolotl also confirm these results . The optic nerve sends fibres to 
the superficial half of . the tectum. In this study of the axolotl , both the 
HRP and the Golgi methods provided no evidence that fibres or terminals were 
separated into layers. Gruberg (1973) found no evidence for a lamination of 
the terminal fields of retino-tectal fibres, although he did note that the 
density of degenerating material in the tectum varied with time . Zakon 
(1978 ) found no apparent lamination in the red-backed salamander . Jackway 
and Riss (1972), however, did note a lamination pattern in the tiger 
salamander . They found th~t three dense layers alternated with three less 
dense regions , suggesting that incoming fibres are separated into three, 
and that the terminal fields are separated from the fibre layers. There 
is physiological evidence that visual input is to the superficial half of 
the optic tectum in the tiger salamander (Gruberg, 1969). 
In the axolotl a small direct ipsilateral retino-tectal projection 
was found. Zakon (1978), in the red-backed salamander, found a similar 
projection by degeneration methods but Riss et al in another urodele, 
Cryptobranchus allegheniensis, (1963) , Jackway and Riss (1972) and Gruberg 
(1973) in the tiger salamander did not find an ipsilateral retino-tectal 
projection (Table Ib). The presence of a direct ipsilateral retino-tectal 
projection in the axolotl has been suggested by Guillery and Updyke (1976) 
using labelled amino acids as tracers. However, they a lso considered trans-
neuronal transport as an alternative explanation . These authors found label 
extending as far caudally on both sides of the tectum, in contrast to my 
results . This difference could well be due to the different techniques 
Used to reveal the projection . This direct ipsilateral retino-tectal 
Projection must not be confused with an indirect ipsilateral retino-tectal 
Projection first described by Gaze and Jacobson (1962) in Rana temporaria. 
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This projection i s far more extensive and found in the dorso- rostral tectum. 
The latency of the ipsilateral response was found to be 20-30msec longer 
than tha t of the contra l ateral response . Anatomically the pathway goes 
from the r etina to the contralateral tectum , from there to the nucleus 
isthmi i n the caudal tegmentum , and then to the ipsilateral tectum (Gruberg 
and Udin , 1978 ; Gruberg and Lettvin , 1978; Glasser and Ingle , 1978). This 
indirect ipsilateral retino- tectal projection leads to a binocular repres -
entation of the binocular visual field in both tecta (Levine , 1980 ). This 
indirect ipsilateral retino- tectal pathway was found to develop in axo l otls 
induced to metamorphose by injections of thyroxine (Brandle and Stirling , 
1975) . 
In the axolotl , the direct ipsilateral projection described in t his 
study is consistent between animals . It is small , and concentrated in t he 
rostral t ectum , and perhaps the lower part of the contralateral area of 
termination . Where it has been demonstrated in other amphibians , these 
features of the projection appear to be fairly consistent . It is always 
much smaller than the contralateral counterpart and usually concen t ra t ed in 
the rostral tectum (Neary , 1976 ; Lazar , 1978; Peyrichoux et al , 1978 ; Zakon , 
1978; Ste l zner , 1979 ), although a small postero l ateral area has a l s o been 
mentioned (Picouet and Clairambault , 1977; Lazar , 1978) . Another fairly 
common feature is that the projection tends to be in the lower part or even 
under the contralateral area of termination (Guillery and Updyke , 1976; 
Peyrichoux et al , 1978 ; Zakon , 1978 ) . It has been suggested that ipsi -
lateral visual units described in the frog tectum could be the resul t of a 
direct projection (Gaillard and Galand , 1977) . 
In fis h (Northcutt and Butler , 1976; Kennedy and Rubinson , 1977) , 
ana reptiles (Butler , 1973 ; Northcutt and Butler , 1974; Cruce and Cruce , 
1975; Reperant and Rio , 1976 ; Reperant et al , 1978 ), a similar variab i lity 
is apparent, a l though the trends mentioned above also apply . There are no 
reports of s u ch a projection in birds , hut jn mammals the presence of an 
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ipsilateral retino-tectal projection is well established (Laties and 
Sprague , 1966; Wilson and Toyne, 1970; Tigges and O 'S teen , 1974; Mdi, 1976). 
Again it is smaller than the contralateral one , and does not extend to . 
cauda l areas of the superior colliculus. 
In the frog (Ran·a pipiens) , ipsilateral retinal projections to the 
diencephalon do not develop until the onset of metamorphosis (Currie and 
Cowan , 1974). This has also been reported for the ipsilateral retino-tectal 
projection in the lamprey (Kennedy and Rubinson, 1977). It is therefore 
interesting that there is an ipsilateral retino-tectal projection in the 
axolotl , which does not metamorphose. 
This study has shown that in the axo l otl at any rate, an ipsilateral 
retino-tectal projection is consistently present . The ipsilateral optic 
nerve fibres form synapses which appear normal and similar to those in the 
contralateral tectum. As such they could have a significant function. 
What this might be in the axolotl or any lower vertebrates , is difficult to 
envisage . In mammals it is thought to have some function in stereopic vision 
(Hughes , 1977). In reptiles, no correlation between binocular vision and 
the ipsilateral retino-tectal projection could be found (for discussion see 
Reperant and Rio, 1976), nor could it be linked with nocturnal vision 
(Reperant et al , 1978) as had previously been suggested (Northcutt and Butler, 
1974) . 
More detailed morphological and physiological investigation of the 
ipsilateral retino-tectal projection will be required before its significance 
is clarified. 
4.2 GOLGI STUDY 
4.2.a Technical considerations 
There are numerous problems involved in carrying out, analysing and 
drawing conclusions from Golgi studies . 
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Staining methods There are different methods available for carrying out a 
Golgi study . Each technique may preferentially stain different cell types, 
or stain t he same cell type in different ways , giving misleading information . 
Within a ny one method, s t aining times and concentrations of the solutions 
used can b e varied. This can give a great deal of variation for any one 
method used, and even if all controllable factors are kept constant , an 
intrinsic variability in any method is apparent . The way in which the 
Golgi stain works is not understood (Ramon-Moliner , 1970). Until it is , 
intrinsic variability is inevitable. 
In this study , all except one cell type was shown up by all three 
methods used . The cells occurring in the outer plexiform layer could only 
be reliably studied using the Golgi - Cox technique . The different stains 
have differing advantages and disadvantages . To carry out a complete study 
it is important to use as many methods as possible . Variations of each 
method are also necessary for the same reasons . The Golgi-Cox method did 
not appear to stain axons very well , as other workers have reported (Ramon -
Moliner , 1970; Butler and Ebbesson , 1975). In this study , this apparent 
disadvantage proved to be useful . In the rapid Golgi method especially , 
incoming axons stained very well and obscured the dendritic trees in the 
optic layer . There were too many axons stained, even for studies of the 
arborisation patterns of the optic terminals. Shortening staining times 
cut down the number of incoming axons staining , but often led to incomplete 
staining of other cells. The Golgi-Cox stained cells had a characteristic 
bumpy appearance which the rapid Golgi and Golgi-Kopsch stained cells 
lacked , but the Golgi-Cox stained cells could still be categorised into 
specific groups due to the shape of their dendritic trees . The bumpiness 
may be an artefact and could obscure other features such as spines and 
beading . Th e rapid Golgi and Golgi-Kopsch methods involved perfusion of 
the anima l prior to staining , and it seems reasonable to suppose that the 
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fixation is superior using these methods . Under the electron microscope 
the postsynaptic profiles observed resembled the shapes seen under the light 
microscope using the rapid Golgi and the Golgi-Kopsch methods rather than 
the shapes seen using the Golgi-Cox method . 
One of the theories for a Golgi staining mechanism is that the 
staining of one cell inhibits the staining of other cells in its vicinity 
(Ramon-Moliner, 1970). This does not seem to be the case in the Golgi-
Kopsch method where clumps of cells were often stained leaving large areas 
of the tectum unstained. Only the processes of those cells on the border 
of the clump could be followed in detail . 
Glial cell staining The glial cells stained with all methods used, some-
times to the extent of obscuring dendritic patterns . They were easily 
distinguishable from neurons , could be recognised as such under the electron 
microscope where their shapes were comparable to those seen under the light 
microscope , and were similar to those cells identified as glial in other 
animals (Lazar and Szekely, 1967; O ' Flaherty, 1970; Vanegas et al , 1974). 
Axons There are no absolute criteria for the morphological distinction 
between axons and dendrites. The general criteria used are the smaller 
diamete r, lack of spines, and presence of beading. The origin of an axon 
on a cell type and its initial course is often so consistent that this is 
an added criterion, once the cell has been first described (Meek and 
Schel lart, 1978). In this study axons were always difficult to identify 
and no conclusions could be drawn about the cell type most likely to have 
an efferent function. 
Differential Staining It is quite possible that some cell types stain 
better than others , and that some may remain completely unknown because 
they do not stain at all . The relative numbers of cells cannot be 
established using the Golgi technique, the probability rates of cell types 
staining may vary considerably and give a totally biased view . Often cells 
in a particular area stained better than those in another . In this material 
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cells in the outer cellular layer (CLl) appeared to stain far more 
frequently than those situated more ventrally . Similarly, cells in the 
mediodorsal area of the tectum appeared to stain more readily than those 
situated ventrally and laterally . This could give a wrong impression of 
relative numbers of cell types . In this material the widely branching cells 
could be virtually restricted to the outer cellular layer and almost all 
the cells below this layer could be the narrow branching cells . Selective 
staining as described above would then lead to few of the narrow branching 
cells staining and being studied . In the tiger salamander , Gruberg (1969) 
did find that the widely branching cells occurred dorsal to the narrow ones . 
Categories There is a certain amount of subjectivity involved in 
categorising cells. In this study , an attempt to minimise the subject i vity 
has been made by making quantitative measurements , and adopting strict 
rules for dividing cells into groups . But there are always intermediate 
types, perhaps every cell stained potentially comprises a cell type . The 
way in which authors categorise cells is bound to differ , since emphasis is 
laid on different details of neuronal structure . Emphasis can be laid on 
the cell body shape and the layer it occurs in , rather than the pattern of 
the dendritic tree. The latter approach however , first suggested by Ramon -
Moliner (1962) , seems likely to have more bearing on the function of the 
optic tectum . 
It is essential to keep all these considerations in mind when s t udying 
a structure using the Golgi method and comparin g it with other studies. 
4.2. b Lamination of the t ectum 
In the Golgi study of the axolotl tectum there was no evidence for 
lamination of the cellular layer . This supports the idea that the urodele 
tectum is q uite different from the anuran and indeed from all other verte -
brate tect a (Figs . 58-63 ). Virtually all the tectal cells were confined to 
the periven tricular border . Plexiform layers ran irregularly through this 
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cellular portion but on the whole the grey and white matter were separated . 
There were some cel l s stained in the outer plexiform layer in this study . 
They occurred at about the same level and so could comprise a widely spaced 
cellular l ayer . In the tiger salamander , Herrick (1942 ) divided the plexi -
form laye r i nto five and the cellular layer into three . Layer 1 was the 
superficial layer containing mainly optic fibres , layer 2 he called the 
intermediate neu ropile and considered it to be the main synaptic field of 
all afferent inputs including optic terminals . Layer 3 had intermedi.ate 
fibres in it and comprised t he main efferent pat hway . Layer 4 contained 
commissural fibres and layer 5 or the deep alba was a narrow zone of dense 
fibres . Layer 6 was the outer grey , layer 7 the intermediate grey and 
layer 8 the deep grey or ependymal layer. Gruberg (1969) found that the 
sensory inputs were not totally mixed and divided the plexiform layer into 
three (optic layer , contralateral somesthetic layer and a bilateral 
somesthetic layer ). The results on the axolotl support Gruberg ' s (1969) 
division of the outer plexiform layer , the optic layer being equival ent to 
layer PLl in this study , the contralateral somesthetic layer being equivalent 
to PL2 and the bilatera l somesthetic layer being equivalent to PL3 in this 
study . Following Herrick (1942) , in this study the cellular layer was 
arbitrarily divided into three . 
4.2.c Cell types in the tectum 
The axolotl tectum may show columnar organisation in that the majority of 
cells had a radial orienta t ion . The dendritic branches often had beads and 
spines . The cells in the outer layer had various shapes but their size was 
reasonably similar to those occurring in lower layers. Ependymal glial cells 
were present i n t h e axolot l and looked similar to those in other vertebrates . 
There appears to be a reasonable simi l arity between the axolot l and 
other urodeles . Gruberg (1969) described 2 main types of cell in the t iger 
salamander , a widely branching one which occurred in the outer part of the 
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cellular layer, and a narrow branching one which occurred throughout the 
cellular layers. The cells are similar to the widely branching and narrow 
branching cell types in the axolotl . Their differing positions could 
explain why few narrow branching ones were stained in this material. 
Gruberg (1969) did not describe a horizontal cell - he could have included 
them in his widely branching group . In the axolotl , because the main 
dendri tes had a horizontal orientation and the horizontal extension appeared 
greater than the radial extension, they were considered to be a different 
group even though many of the tertiary dendrites had a radial orientation . 
Gruberg (1969) also found occasional cells of various shapes in the plexi-
forrn layer. Herrick (1942) gave similar descriptions of the cells in the 
tiger salamander (Ambystoma tigrinwn), but in Necturus (Herrick, 1941) 
there were many cells with huge dendritic trees which spanned the whole 
tecturn . In the axolotl the horizontal cells sometimes spanned approxi-
mately half of the media-lateral extension of the tectum . Due to the 
difficulty in staining axons , it was not possible to consider which cells 
had efferent pathways from the tectum. 
The results from the light microscopy of the axolotl tecturn have 
shown that the tecturn is basically divided into an outer plexiform and an 
inner cellular layer. The optic input is restricted to the superficial half 
of the outer plexiforrn layer. One class of cells (RW) send dendrites to all 
levels of the plexiform layer . They presumably receive other sensory input 
such as tactile somesthetic as well as visual input. Radial narrow cells (RN) 
send a dendrite through all levels of the plexiforrn layer , but only branch 
in the outer half of the tectum. Their input is presumably mainly visual . 
There may also be cells which only send dendrites into the lower layers 
receiving only non-visual input, possibly the horizontal cells. 
4.3 DISCUSSION OF FEATURES OF THE TECTUM IN OTHER AMPHIBIANS AND OTHER 
VERTEBRATES 
The anuran amphibians are the nearest group to the urodeles. The 
structure of the anuran tectum has been well studied and differs markedly 
(F ig. 59) from that of .urodeles (Fig. 58) in that in frogs the tectum is 
a highly-laminated structure . It has been studied extensively in two 
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species of anuran - Rana esculenta and Rana cat esbeina , and will be described 
in detail using information from the following authors: Lazar and Szekely, 
1967; Potter 1969, 1972; Szekel~ 1973i Szekely and Laza~ 19 76 . References 
fo r the mbre historic pioneer wo rk were given by Szekely and Lazar (1976). 
Unlike the urodele, the anuran tectum is clearly laminated in 
appearance, being divided into many cellular and plexiform layers. Nine 
layers can be distinguished although Potter (1969) has sub-divided some of 
these (Fig. 59) . 
Commencing at the innermost layer next to the ventricle: 
Layer one consists of ependymal glial cells which form a single sheet of 
ce lls next to the ventricle. They have a single moderately branched 
f eathered process which extends to the surface of the tectum. They are the 
s upporting cells. 
Layer ti.Jo is a cellular layer, one to two cells thick (mainly pear-shaped 
neurons). In the rostral part of the tectum this layer also contains large 
cells which form the mesencephalic root of the trigeminal nerve. 
Layer three is a plexiform layer containing efferent axons and axons and 
dendrites from intrinsic cells (Potter's (1969) deep layer). 
Layer four is a cellular layer one to two cells thick (mainly pear-shaped 
cells). 
Layer five is a plexiform layer similar to layer three. 
Layer six has many layers of cells with two irregular plexiform layers 
within it . Cell types within this layer are large pear-shaped neurons , 
large pyramidal neurons and ganglionic (multipolar) neurons. 
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Layer seven is a plexiform and cellular layer. Potter (1969) divided it 
into the deep medullary lamina and the upper multipolar cell lamina . The 
deeper plexiform portion forms the main efferent pathway comprising part of 
Putter ' s (1969) intermediate system . 
Layer eight is a loosely packed cellular layer of multipolar cells , small 
pear - shaped neurons , and vertical bipolar cells . 
Layer n~ne is mainly a plexiform layer taking up approximately one- third of 
the tectum. It is the layer which receives retinal input and unlike the 
axolotl it is clearly laminated . Potter (1969) divided it into five layers 
A-E, and he also added another layer beneath layer eight i . e. G, this being 
included with the others because of the orientation of the fibres; together , 
they form Potter ' s (1969 ) outer system . C and E are mainly cellular . 
Large myelinated fibres are found in B, D, F and G while the finer unmyelinated 
fibres occur in A, C and E . The thickness of layer A (or stratum zonale) 
diminishes caudally until it disappears . 
For comparison with other vertebrates , layers 2-6 correspond to the 
stratum periventriculare , 7 to the stratum album centrale , 8 to the stratum 
griseum centrale , C-F of 9 to the stratum fibrosum et griseum superficiale , 
B to the stratum opticum , and A to the stratum zonale (Scalia , 1976 ). 
Potter (1969 ) divided the plexiform layers into three g£oups according 
to their orientation and position . He found that the outer system fibres 
(A-G) were orientated in an anteroventral-posterodorsal manner although 
Szekely and Lazar (1976) commented on a more mediolateral orientation in 
the centre of the tectum . The intermediate system fibres were orientated 
in a posteroven tral-anterodorsal direction , the main part being in the deep 
~edullary lamina of 7 , although they also overlapped with the outer system , 
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intermedia t e system fibres being present in layers C, E and F . At the 
lateral and medial margins of the tectum the fibres converged to form the 
tecta l corrunissure . It formed the main efferent pathway of the optic tectum . 
The deep system fibres (3 and 5) had a varying orientation. Some of them 
are probab ly of thalamic and contralateral tectal origin (Laza~ 1969 ; 
Trachtenburg and Ingle, 1974) . The thinner ones are probably intrinsic 
(Szekely and Lazar, 1976) . The orientation of fibres in the axolotl or 
other urodeles has not been studied. 
I n Golgi preparations Potter (1972) studied the termination arbors 
of retino- tectal fibres . From laminae Band D fibres terminated in layers 
B, D, C and E , forming densely branched terminals with varicosities along 
their l ength . They were elongated in the same orientation as the outer system 
fibres (30- 70µm by 100- 200µm) . From laminae F and G two types of terminations 
occurred : a widely branched one which had numerous forks and twigs but not 
many varicosities; also , thin branching arbors which did not give off many 
major branches but had branchlets with terminal forks ; varicosities were 
not corrunon . Those from lamina F terminated in the deeper portion of E , F 
and the superficial portion of 8 . Those in lamina G terminated in G and 
the multipolar cell lamina of 7 . Szekely and Lazar (1976) suggested a 
similarity between densely and widely branching terminals , and introduced 
the possibility that the thinly branching ones might be of interneuronal 
origin . Lazar and Szekely (1967) , Szekely et al (1973 ), Szekely and Lazar 
(1976 ) also described terminations which dived from the fibre layer forming 
bell - shaped arbors . They covered as much as 70µm in diameter and were 
apparently more corrunon than the elongated terminals . The terminal arbors 
in the axolotl or other urodeles have not been studied . 
Th e tectal neurons have been studied in detail by Potter (1969 ) and 
Lazar and Szeke l y (1967) using Golgi techniques . The l atter gave a more 
Compreh e nsive a nd up to date review of the situation (Szekely and Lazar, 
1976 ), t herefore their findings will be presented in detail. Admitting the 
somewhat artificial nature of their classification, they described the 
following six types of neurons. 
1. Large pear-shaped neurons 
a) With dendritic appendages and ascending axons. 
b) With smooth dendritic collaterals , axonless. 
The maximum size of these cell bodies was 15-20µm in diameter . A long 
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apical dendrite stretched towards the surface of the tectum . Basal dendrites 
occurred in varying numbers . These cells made up the majority of those 
occurring in layers 2 , 4 and 6. 
Type (a) were the main constituents of layer 6 but also occurred in 
layer 4. The apical dendrite might or might not begin to arborise in layer 
7, the ones that did covered an area of 20 -JOµm with their terminations . 
The tertiary and smaller dendrites commonly had dendritic appendages which 
varied in pattern . Numerous varicosities (2-4µm in diameter) occurred 
along the length of these appendages; they ended in a club-like protusion. 
The amount of division and thickness of the side branches varied. They are 
probably innervated by optic synapses and form dendro-dendritic synapses 
with other dendrites . The axon originated from the apical dendrite or a 
large secondary branch . 
Type (b) were mainly found in layers 2 and 4 but also occurred in the 
deeper part of layer 6 . The cell body and apical dendrite were slightly 
larger than in type (a). The main dendrite rarely broke into two but in 
layer 9 it gave off slender beaded collaterals a few hundred µm long, into 
the plexiform layers . The basal dendrites were also larger than those of 
type (a). They entered the adjacent p lexi form layers extending 70-lSOµm . 
No axons could be found, the dendritic collaterals however bore presynaptic 
specialisations . 
2 . Large pyramidal neurons 
They occurred mainly in layer 6 and resembled pear-shaped neurons, 
except that the basal dendrites gave them a more pyramidal shape. The 
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apical dendrite was short , arborising in layer 6 , the dendritic tree covered 
a much wider area of 160-lSOµm . The terminal branches were beaded . The 
axon arose from the apical dendrite passing up to layer 7 via which it left 
the tecturn . They therefore form one of the efferent pathways. 
3. Large ganglionic (multipolar , candelabra) neurons 
These were found scattered in the top of layer 6, in layer 7 , and 
the deep part of layer 8. They had large cell bodies (30 - 40µm). Dendrites 
sometimes ascended to the surface at an acute angle encompassing 250- SOOµm . 
These dendrites occasionally crossed to the other tectum in the tectal 
cornrnissure via layer 7. The finer branches were often beaded. When axons 
were seen they also left via layer 7 thus comprising another efferent 
pathway . 
4. Small pear-shaped neurons 
a) with ascending axons 
b) with descending axons 
c) axonless , with rich dendritic arbor . 
These made up the majority of cells in layer 8 and were found to be 
similar to their large counterparts except that they rarely had basal dendrites 
and never had dendritic appendages . The apical dendrite branched at or near 
the cell body , the secondary and tertiary ones being heavily beaded. The 
dendritic trees covered an area of 25-30µm in diameter . In type (a) an 
axon branched clos~ to the dendritic terminations . In type (b) the axon 
left t h e opposite pole of the cell body and descended . It could be short 
ending near the cell body , or descend and terminate in layer 6, or descend 
a short way and then loop back to end in the lower parts of layer 9 , some-
times sending a collatera l to terminate in layer 6 . In type (c ) no axons 
could be found . The dendrites formed a thick broom-like arborisation . 
5 . Bipolar neurons 
Dendrites emerged at both ends of the cell body ; they could be 
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vertically or horizontally oriented. The vertical bipolars occurred in 
layer 8 , the axon originated on the lower dendrite and probably terminated 
in layer 6 . The horizontal bipolars were present in the cellular laminae 
of layer 9 , i.e . C and E and their axon originated from either of the 
dendrites terminating in deeper layers. 
6. Small neurons (stellate and amacrine) 
These only occurred in layer 9. Stellate neurons had dendrites 
emerging from all round the cell body , they were short , branching , and 
covered approximately 40µm in diameter. The axon either originated from an 
axon hillock on the cell body or from one of the dendrites . The amacrine 
cells were oval in shape (8-lOµm in diameter) and depending on the closeness 
to the surface the dendrites ran downwards or upwards. They are probably 
axonless . They were less numerous than stellate neurons although they were 
the only cells of this type that Potter (1969) described (superficial 
granule cells). 
In Golgi preparations , optic terminals could be seen in close 
association with the apical dendrites and the dendritic appendages of the 
large pear-shaped cells. The bell-shaped terminal arbors wrapped around 
the dendrites and formed a glomerulus 10-lSµm in diameter. Ascending axons 
also entered this structure. 
From these studies it is obvious that the anurans studied are more 
complicated than urodeles . Their tecta are highly laminated and the 
retino-tectal projection is itself laminated. The cells found in the 
anurans are more varied in size and shape than those of urodeles . However 
it is also clear that some basic characteristics of the tectum are common to 
urodeles and anurans . 
Gruberg (1969) drew attention to the similarity of the widely 
branching cells in Ambystoma tigrinwn to the pyramidal cells in Rana 
' 
esculenta , and considered them to be the most likely candidates for an 
efferent pathway from the tectum. In this study none of the cells in the 
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axolotl had such a narrow dendritic field (20 - JOµm) as the pear-shaped 
cells in the frog. One of the cells in this study resembled the pear- shaped 
cell , type (a ), in that t h e axon appeared to follow the dendritic pathway 
and termi nate in the same region. 
Schematic diagrams reviewing Golgi studies as well as other light 
microscopical studies , on the tecta of other vertebrates , are shown in Figs . 
58-63. When considering all vertebrates , it would be unwise to compare 
cell types too critically ; however basic similaritie~ and differences are 
apparent . 
1. Multiple lamination is present in the tecta of all non-mammalian verte -
brates excepting those of urodeles . Division into cellular and plexiform 
layers is apparent throughout the tectum . Some lamination can be seen in 
mammals as well ; however it is obscured by the increased number of small 
cells . 
2. Radial organisation . The majority of cells in. all non-mammalian verte-
bra tes have a radial orientation . Many cells originating in the deeper 
layers of the tectum pass through all the more superficial laminae . In 
this way information from non-visual and visual layers might be passed on 
to the same cell , whether it be efferent or intrinsic . In mammals the 
dendri t ic fields rarely go further than neighbouring laminae thus each 
l ayer maintains a certain amount of independence . Cells contributing to 
this radial orientation are pyramidal , pear-shaped , vertical bipolars and 
fusiform cells . The wid th of the dendritic tree varies enormously . 
3. Horizontal cells occur in all vertebrates , although in far smal l er 
numbers t h an the radial cells . Dendrites can stretch for varying distances 
but usually keep to one lamina. 
4 . Small neurons such as stellate and amacrine cells occur in all verte-
brates studied except p e rhaps urodeles. They have small dendritic fields 
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Diagram of the structure of the urodele tectum 
(Amhystoma tigrinwn~ Amhystoma mexicanum). 
Cell body sizes : - Pr, P 15-25µm 
RU, B, HU cells are ex t remely rare . 
References used: 
(1) Herrick ' 42, ' 48; (2) Gruberg ' 69; (3) This study . 
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Diagram of the structure of the anuran tectum (various species). 
Cell body sizes:- Pr(L), P 15-20µm ; S, A 8-lOµm; S, M 40µm . 
Widths of dendritic fields:- Pr(L)a 20-30µm; Pr(L)b 300µm; 
Pr(S) 25-30µm; S 40µm; M 600-SOOµm; P 160-180µm . 
Length of OT arbors lOOµm . 
References used: Lazar and Szekely '67; (1) Potter '69, '72; 
(2) Scalia '76; Szekely and Lazar '76 . 
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Diagram of the structure of the fish tectum (various species). 
Cell body sizes:- Pr(L) 10-lSµm; Pr 6-8µm; Pr(S) 5-8µm; F(L) 6-lOµm; 
B 6µm; Ha 6-12µm; Hb 10-lSµm; M 15-30µm; P 8-12µm. 
Widths of dendritic fields:- F(L), B 150µm; Ha 100-200µm; Hb , M 600µm; 
P 400-600µm. 
References used: (1) Sharma '72; (2) Vanegas, Laufer and Amat '74; 
(3) Meek and Schellart '78 . 
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Diagram of the structure of the r eptile tectum (various species) . 
References used: (1) Reperant et al '78; (2) Butler and Ebbesson '75 . 
Axons not shown in above reference s. Cell body sizes and widths of the 
dendritic fields can not be given accurately using the above authors' 
material . 
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FIG. G2 Diagram of the structure of the bird tectum (various species). 
Cell body sizes: M 40µm . Widths of dendritic fields: - H SOOµm; 
M lOOO µm. References used: (1) O'Flaherty '70; (2) La Vail and 
Cowan '71; Stone and Freeman '71; (3) Reperant '73. 
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FIG . 63 Diagram of the structure of the mammalian superior colliculus 
(various species). Cell body sizes:- F 8-24µm; H, P 12-lSµm; 
M 50-65µm. References used: Sterling '71; (1) Szekely '73; Sprague '73; 
Mathers '77. 
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and a short or absent axon. In fish , amphibians and reptiles the small 
neurons appear to be confined to the superficial optic strata ; however in 
birds and mammals they occur throughout the tectum in increas ing numbers. 
These smal l neurons are probably interneurons and may reflect the need for 
more cent ral processing in higher vertebrates . 
5. La.~ge multipola~ neu~ons also appear to be a constant feature in all 
vertebrates . They are always large , have a very wide dendritic field often 
cours i ng obliquely through many tectal laminae . They form an efferent 
pathway and are often commissural . 
6 . Ependymal glial cells are a common feature in all vertebrates , lining 
the ventricles. 
Thus , it appears that the axolotl and other urodeles do share most 
of the basic characteristics common to all vertebrates . 
4. 4 RETINAL PROJECTI ONS IN AL L VERTEBRATES 
The retina projects to other areas of the brain besides the optic 
tectum , in all vertebrates. To gain any understanding of the part the 
tectum plays in the visual system it is important to realise the relationships 
of the retina with other areas of the brain and their relationship to the 
tectum . 
Apart from the retino-tectal projection the other areas of retinal 
termination have not been considered in this study of the axolotl. They 
have been studied by s e veral authors in other urodeles (see Table Ib) . 
There are seen to be five basic areas of retinal termination . Three are in 
the dienceph alon : the hypothalamus , the thalamus and the pretectum ; and two 
are in the mesencephalon : the accessory optic nucleus and the optic tectum . 
The projection is often bilateral but the ipsilateral one is always smaller 
than t h e contralateral contingent . Some authors have divided the thalamic 
projection into separate dorsal (the nucleus of Bellonci ) and ventral 
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Cobalt technique 
Cortical.is nucleus 
Central optic nucleus 
Degeneration technique 
Nucl,eus doraolaterolia anterior thalami 
Dorsal lateral genicu.late nucleus 
Dorso- latera l optic nucleus 
Dorsolaterol thalamic nucleus 
Dorsomedial optic nucleus 
Nucleus ectomamiZ.laT'is 
Nucleus e.rtemus de Renda.hl 
Nucleus genicu.latus laterolis 
Nucleus geniculatu.s pre.tectal.is 
Nucleus grisewn tectalis 
Horseradish peroxidase technique 
KEY TO TABLES I-IV 
Ipsilateral 
* Ebbesson' s (1972) nomenclature 
TABLE I · RETINAL PROJECTION SITES IN AMPHIBIANS 
Techniques, reference, species Hypo- Thalamus 
thalamus OLD* 
(Preoptic) Be 
a) Anurans 
0 Knapp et al '65 Rana pipiens C I C I C 
0 Scalia et al '68 Rana pipiens C? C I C 
0 Lazar et al '69 Rana esculenta C I C 
0 Lazar '71 Rana escul.enta C 1' C 
A Seal ia 1 7 3 Rana. pipiens 
0 Seal ia et al 1 74 Rana pipiens C ,. C 
H Scalia et al '74 Rana pipiens 
0 Vu 11 i ngs et al '75 Rana terrrporaria C I 
A Neary '76 5 sp. C I C 
A Picouet et al 1 77 Discoglossus pictus C? I ? C I C 
Co Uzfr 1 78 Rana. esculenta C C I C 
A Peyrichoux et al '78 Rana esculenta C I I C I C A Stelzner 1 79 Rana pipiens C I C 
A Levine '80 Xenopus laeuis C I I C I C 
b) Urodeles I 
0 Riss et al '63 Cryptobrianchus C I C I 
allegheniensis 
0 Jack way et al '72 Ambystoma C I C I 
tigrinum 
0 Gruberg '73 Ambystoma C I 
tigrinum I 
A Gui l lery et al '76 Ambystoma C I C I C 
me:cicanum 
0 Zakon '78 P!ethoden C I C 
oinereus 
mainly from temporal retina 
In Bombina orientalis, Xenopus lacvis 
In Bombina oriental-is , Xenopus laovis , Rana catesbeiana, Bufo americanus 
9,8 especially posterolateral tectum 
In anterior half, and posterolateral tectl.l1l 
In superficial half of plexiform layers in anterior two thirds of tectum 
Below C projection in anterior two thirds of tectum 
B Superficial half of pl exi form layers throughout tectum 
Anterior one third of tectum, below C projection 
10 Especially anterior part 
VLO* 
LG 
I 
I 
I 
1' 
1' 
I 
I 
I 
I 
I 
I 
I 
I 
11 Anterior and lateral tec tum - res tricted to a band in superfi cia l third of 9 
12 Not homologous to PT and LP in Rana sp. 
13 Rostral pole of layer 9 
PT 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
LA Nucleus laterolis anterior 
LG lateral geniculate neu:ropile 
LM Nuc l e•,s len.tiformis mesencephali 
LP Large celled pretectal nucleus 
HD Nu.cl.eus decussationis supraopticae ventrolis 
pars an teriol' 
P Pretectal nucleus 
Pd Nucleus postel'Odorsal.is 
PD Nucleus pretectalis diffusus 
Pl Nucleus pretectalis Zateratis 
PT Posterior thalamic nucleus 
SS Nucleus superficial-is syencephali 
SGFS Stratl.41! griseum et fibrosum superficiale 
SFS Stratum fibrosum superficiale 
SZ Stratum zono.ie 
U llrzicate nucleus 
Vl( D,V) Ventrolateral nucleus (Dorsal , Ventral) 
VLG Ventral lateral geniculate nucleus 
VLO* Ventrolateral optic nucleus 
VLT Nucleus ventrolateralis tha'la:mi 
VMO* Ventromedial optic nucleus 
Pretectum Accessory Tectum 
VHO* (Showing layers) 
LP u BO C I 
I C C 9 
I C C 9,8(G) 
C I C 9,8(G) 
1' C I C 9 ,B(G) 
9(ABC0EF) ,8(G) 
1' C C 1' C 9,B(G) 
9(ABCOEF) ,B(G) 
I C I C 1' 9,8(G) See 3 
I C I I C 9,8(G) See 4 
[ C I C I I C I 9(BCOEF) ,8(G) F ,G 5 I C C 9(ABCOEF) ,8(G) F" 
I C C I C 9,8(G) See II 
I " C I " C I C I 9 See 13 
I I I 
C I 
I 
C See 6 
C I I C See 6 
C C See 6 
C I C I See 6 See 7 
C I C See B See 9 
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(lateral geniculate) nuclei (see Table Ib). 
In anuran amphibians the situation is again more complex . Although 
there are the same five areas of termination, these areas can be subdivided 
into various nuclei. As shown by Table Ia the optic nerve terminates in 
six diencephalic (one hypothalamic, two thalamic , three pretectal) and two 
mesencephalic centres (accessory optic system, optic tectum). 
1 . Hypothalamus (preoptic nucleus) 
Until recently a direct retinal projection to this region has not 
been shown (see Table Ia). However, an electron microscopical study proved 
the existence of a small bilateral termination in the preoptic nucleus 
(Vullings and Heussen, 1975) . The contralateral projection at any rate, 
has now been verified using a cobalt complex diffusion technique, by light 
microscopy (Lazar, 1978) . 
2. Thalamic 
The lateral geniculate body receives a bilateral retinal projection 
as does the more dorsally situated neuropile of Bellonci . They are not 
nuclei in the true sense of the word in that there are no cell bodies 
present . Like most optic terminations , they contact dendrites. The cells 
of origin of the dendrites have been studied by Scalia and Gregory (1970) 
and are situated more medially. 
3 . Pretectal 
The posterior thalamic nucleus , the large-celled pretectal nucleus, 
and the unicate nucleus all receive a bilateral retinal projection . 
The thalamic and pretectal projections are generally retinotopically 
organised (Lazar, 1971; Scalia and Fite, 1974) . The unicate nucleus is too 
small for any topographical arrangement to be seen, although it does receive 
projections from all parts of the retina and should be considered as a 
separate nucleus (Scalia and Fite , 1974) . This retinotopic organisation 
is a mirror image of that found in the tectum, suggesting a reversal of 
polarity across the di-mesencephalic junction during development, with 
differentiation beginning at the di-mesencephalic border and proceeding 
both rostrally and caudally (Scal ia, 1976). 
4. Accessory Optic Nucleus (basal optic nucleus, ectomammilary nucleus) 
This is situated near the junction between the hypothalamus and 
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ventral tegmental region of the mesencephalon. It receives a mainly contra-
lateral projection. Lazar (1973) has shown it to be vital for the optokinetic 
response. 
5 . Tectum 
The tectal projection is mainly contralateral. On reaching the 
antero-lateral border of the optic tectum, the optic nerve bifurcates into 
mediodorsal and ventrolateral portions which encircle the tectum. The 
optic fibres course in several layers within the tectum and send off term-
inations into the surrounding tissue. There has been some controversy in 
recent years over the presence or not of optic terminals in the most super-
ficial layer of the tectum, the stratum zonale. Although not shown by any 
degeneration techniques , they have been demonstrated by Scalia (1973) using 
autoradiography and Scalia and Coleman (1974) using anterograde transport 
of horseradish peroxidase. Lazar (1978) found only a small number of 
terminals in this layer. The explanation that light microscopic degeneration 
techniques do not show these terminals up because they take a longer time 
(21 days) to degenerate being unmyelinated (Scalia and Coleman, 1974) does 
not explain why Szekely et al (1973) in their electron microscopical 
investigation found no sign of degeneration in the stratum zonale between 
one and thirty days after enucleation . 
When comparing the projection sites of the retina in all vertebrates , 
(Table II) , it can be seen that the 5 main areas of termination (hypothalamus , 
thalamus , pretectum, acce.ssory optic system and tectum) remain unchanged . 
TASLr JI : RETINAL PROJECTION SITES IN FISH, REPTILES, BIROS ANO HAP14ALS 
FISH 
Techniques. reference. species I Hrpo- I Thalamus tha amus , 
(Preopt1c) 
I I D Campbell et al '69 HoloceJ1trtcB C ! C 
D Shanna '72 Goldfish i C C 
D Vanegas et a 1 1 73 Euggerree I C C 
A Landreth et al '75 Hemichronri.11 
A Lemire et al ' 76 Trout J C I C 
D Northcutt et al '76 Gar C I ?' 
Repirant et al '76 9 teleosts I C I C A 
I 
I 
D Vonei da et a 1 '76 Astynaz me.ricanus C 
I 
C 
D Kennedy et al '77 Larrc>rey C 
Anterior tectum only 
Describes a lateral and ventral medial nucleus 
RrPTILES 
Techniques, reference, species I Hypo- I 
tha lamus1 OLO* 
a) 
D 
D 
A 
A 
A 
A 
b) 
D 
A 
I 
Squamates (lizards, snakes) I 
Butler '73 Xantusia vigil is 
I Northcutt '74 Cekko gecko C Cruce et a 1 ' 75 Tupinambis nigropwtct.atus 
Repfrant et al '76 Vipera aspis I C 
Repfrant et al '78 5 sp. lizards 
I 
C 
Butler et al '79i lg1.6ana iguana 
Gekko geoko I 
Chelonians 
Bradford '7 3 Crocodile I C I Bass ' 75 Turtle 
Variable i n amount from specimen to specimen 
Has a strat1.n zonale which has tenninations al so 
Except in Urorro.stiz acanthinW"'t4B 
BIRDS 
DLG 
I 
J C I 
J C I 
!t I 
C I 
;c I' 
,c I 
I C 
I 
le 
J C 
LG 
VLO• 
VLG 
I 
, c I 
C I 
C I 
C 
C I 
C I 
I 
C 
1c 
C 
C 
C 
C 
C 
C 
C 
C 
OM()• 
DLT 
I 
I 
I 
I 
I 
I 
Pretectt.rn Accessory 
I Yl1()• p CN BO 
I 
! C C 
I 
C 
i C C 
I C C 
I I I 
I C I C C I I C I C I C C 
I 
C I C C 
C I' 
Anterior tectll!l only 
Ventro~ lateral margin only 
Thalamus I PretectL111 
D 
I 
I 
C 
C 
I 
I 
VL I I I V GP l LH GT 
I I I I 
! 
C C 1 
I 
C C C I I C I I I I I C i C I C I C C C 
I C I I C ! C I 
C I I C C I I 
I I 
I I C C C C C 
4 In 7a rc>'1tola naurita'li a 
3 other add itional thalamtc nuclei 
described. 
Tectl.ll"I 
(showing lay•rs) 
C I 
BCDF I 
BCDF I 
BCDF I 
BCDF 
BCOF 
BCO s .. 3 
BCDEF 
BCDE 
BCDE s .. 4 
!Accessory Tect1.1n 
OMO* VMO* ( showing layed 
Pd I BO C I 
I 
C i! C 8-14 8,9 
1' C C 
I 
8-14 8-14 
C 1! 8-14 See 1 I 
C 1, C I 8-14' 8-14' 
C ii 8-14 s .. 4 
C I C 
C I C 
C C 8-14 
C C 8-14 
Techniques, reference, species 
I 
Hyoo- Tha lamus Pretect1.1n I 
J\ccess-
ory 
VHO• 
BO(EC ) 
Tee tum 
(showing 
layers) 
C I I 
Rei>erant 
D Hunt et al 
D Boos 
H Oliver et al 
r.AlttALS 
A 
A 
Tigges 
Mai 
'73 
' 75 Pigeon 
'76 Duck 
'78 Qua 11 
• 74 Squirrel monkey 
' 76 Rat 
, tha 1 anius NO 
C? 
DLG 
C 
C I 
GL 
l ow 
LA I DLA 
VLD• ' 
VLT ss GT PD 
I C J? C I ? J C I? I C I C 
VLG 
Pre- I tectum 
I 
Access / Superior col 11culus 
-ory ( showi ng, / layers) 
VMO• I 
BO C I I sz. SFS I sz' SFS 
sz, srs sz , srs 
PL EX 
abcdf 
abcdf 
so 
Nuclei within these groups increase in number however, presumably paralleling 
the increasing complexity of the brain during the course of evolution . It 
is difficult to compare particular nuclei in the various groups as homologies 
between them cannot safely be established . Ebbesson (1972) attempted to do 
this with several nuclei and where applicable his new nomenclature is used 
as well as the more established . Even within the same phylum nuclei are 
often given different names but in this case it is easier to draw homologies. 
Another source of confusion is derived from nuclei having the same name but 
perhaps not being homologous . 
4. 5 CONNECTIONS OF THE TECTUM 
4. 5.a Afferent pathways 
As well as receiving a major input from the retina , the tectum 
receives other inputs from other central areas in all vertebrates (Table III) . 
Non-retinal inputs to the tectum have not been studied in the axolotl in 
this study. Some of the afferent connections of the tiger salamander have 
been studied (Herrick 1942, 1948; Kokoros and Northcutt , 1977 ; Gruberg and 
Salish , 1978) . 
Herrick (1942 , 1948) traced tracts, using conventional fibre staining, 
from other areas of the brain , whilst the other two studies used degeneration 
techniques , destroying an area in the brain and then looking for degeneration 
in the tectum . 
Kokoros and Northcutt (1977) found a sparse projection from the 
telencephalon to the pretectal-tectal areas via the strio-tegmental tract . 
The inputs were ventral to optic ones . Herrick (1942, 1948) also described 
this projection. In the diencephalon Herrick (1942 , 1948) described 
pretectal , thalamic and habenular tracts to the optic tectum , and in the 
mesencephalon he described the tectal commissure connecting the two tecta . 
There is an ipsilateral projection to the tectum from the dorsal 
grey of the cervical spinal cord. Gruberg and Salish (1978) described a 
la ANURAN 
Te lencepha Lon 
Diencepha lon 
Oorsal lateral nucleus 
(postero lateral nucleus) 
#* Large celled prectectal (OMO*) 
#* Lateral geniculate 
Mesencepha. lon 
#* Tectum 
Teg,rentum 
Isthmic nucleus 
Supra peduncular 
Spina! Cord 
# Cervical region 
References and techniques 
0 Trachtenburg and Ingle '74 
H Wi lcynski and Northcutt '77 
H,A,O Gruberg and Udin ' 78 
3. BIRO 
Telencepha Lon 
Wulst' 
Diencepha lon 
Mesencepha Lon 
#* Tectum 
N Spina! Cord 
Ref cren es and techniques 
Ebbesson '70 
0 Karten et al '7.' 
Webster '74 
TABLE I I I: NON RETINAL AFFERENTS TO TECTl."1 
1 b UROOELE 
Te !ecerha !cm 
Di.encepha lon 
Habenula 
#* Pretectum 
#* Corsa l thalamus 
Mesencepha lon 
#* rectum 
Rhoml>encepha Lon 
Medulla 
Spina! Co ed 
Ventro,redial 
Spina 1 grey 
References and techniques 
Herrick '42. • 48 
0 Kokoros and Northcutt '77 
0 Gruberg and Sol i sh 
4. MAfotlAL 
Te lencephalon 
Visual Cortex 2 
Non visual cortex 
' 78 
B' 
B' 
{somatic sensory, auditory, motor) 
Dienccpha Lon 
#* Lateral genfculate (OLO*,VLO*) 
Pulv i nar (CO*) 
Mesencepha lon 
#* Superior coll lculus 
Inferior colllculus (acoustic) 
Rhombencepha !cm 
Cerebellum 
Reticular formation 
Medulla 
• Spinal Cord 
Refer ericcs and techniques 
SzHely '73 
Sprague ' 75 
2. FISH 
Te !eoepha l.<m 
Central region 
Diencepha lnn 
#* Pretectal nucleus 
#* Oorsolateral nucleus (OMO*) 
Me sencepha Lon 
#* Tectum 
Tegmentum 
Isthmic nucleus 
Torus semicircularis 
Torus longitudinal is 
lateral reticular fonnation 
Lateralis valvular 
Rhombencepha Lon 
Cerebe 11 um 
N Spina! Cord 
Refe rences and techniques 
0 Marotte and Mark '75 
H Grover and Shanna '78 
O,H Ito and Kishida '77,'78 
1 Notes 
I Receives tectal projections 
1 
• Receives direct retinal projection 
in phase with retino-tectal 
I? 
I 
Fibres ,rediate touch topographically 
projections and pos s ibly serotoninergic . 
I 2 Topographically organi sed . 
Reptiles have not been extensi vely 
studied (Ebbesson '70) . 
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somatosensory monaminergic pathway entering the deeper layers of the tectal 
neuropile in the tiger salamander . Sims (1977) however, did not describe 
this monaminergic pathway in axolotls. Physiologically , fibres in these 
deeper tectal layers responded to touch, they were found to be topographic-
ally organised and in register with incoming visual information (Gruberq, 
1969). 
A far more complete study of the anuran afferents to the tectum have 
been made using the retrograde transport of horseradish peroxidase , which 
revealed the following projections in Rana pipiens (Wilczynski and Northcutt, 
1977). In contrast to urodeles, and indeed to all other vertebrate groups 
studied, there is apparently no telencephalic input to the tectum in 
anurans. The remaining areas will be considered in turn. 
1. Diencephalic 
PY'etectal 
a) Bilateral from the dorsal lateral (posterolateral) nucleus. 
b) Ipsilateral from the dorsal half of the posterior nucleus. 
These nuclei contribute dendrites to the posterior thalamic nuclei (Scalia 
and Gregory, 1970). 
c) Ipsilateral from the large celled pretectal nucleus. 
Thalamic 
Trachtenburg and Ingle (1974) reported similar results using degen-
eration techniques. They found an additional ipsilateral projection from 
the lateral geniculate body , and suggested a telencephalic-geniculate and 
dorsolateral nucleus pathway . Anatomical studies fit in well with the 
physiological evidence that these pretectal inputs are inhibitory. Lesions 
of the pretectal nuclei result in a disinhibition of tectal neurons . 
Normally frogs habituate to a repeated bug-like stimulus and do not snap at 
it any more. Also they avoid large objects . Lesion results in a continuous 
snapping response to any object even if large (Ingle, 1973b). 
2. Mesencephalic 
Tectwn 
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There is a contralateral input from the other tectum. It enters in 
layer 7 (SAC) via the tectal commissure and descends as far as layer 2 (SPV). 
Tegmentwn 
There is an ipsilateral projection from the anterodorsal, postero-
dorsal and anteroventral tegmental fields, bring ing in non-visual but also 
visual information from the contralateral tectum. 
Nucleus isthmi 
This nucleus sends a bilateral projection to the superficial tectum 
(Gruberg and Udin, 1978) i.e. that part also receiving retinal input. The 
visual fields found by Gaze and Jacobson (1962) on the ipsilateral tectum 
which are retinotopically organised i~ the same manner as the contralateral 
projection, ma y be mediated by this nucleus (Gruberg and Udin, 1978; Glasser 
and Ingle, 1978). This ipsilateral visual field is unaffected by tectal or 
posterior commissural cuts. Fite (1969) showed that it was abolished by 
tectal ablation or tegmental commissural cuts. This projection apparently 
develops in ~xolotls induced to metamorphose with thyroxine injections 
(Brandle and Stirling,1975). 
Suprapeduncular nucleus 
It sends a bilateral projection to the tectum. It is a cell group 
dorsal to the interpeduncular nucleus. 
3 . Spinal Cord 
There is an ipsi lateral projection from the dorsal grey of the 
cervical spinal cord. 
The non-retinal afferent projections to the tectum in all vertebrates 
are shown in Table III. When comparing them certain patterns are apparent 
although the information , particularly on reptiles and birds , is rather 
scanty . Direct information from the telencephalon enters the tectum in all 
vertebrates except anurans . In mammals visual information mainly enters 
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into the upper layers and non-visual into the lower layers . Whether the 
telencephalo- tectal pathways carry visual information in other vertebrates 
is not known. Thalamo-telencephalic projections have been reported (Ebbesson 
a nd Sch roeder , 1971; Gruberg and Ambros , 1974) in some lower vertebrates 
which carry visual information to the forebrain. Pathways from diencephalic 
centres which themselves receive retinal in f ormation and information from 
other parts of the brain , are a common feature . Pathways from auqitory 
centres such as the torus semicircularis and the inferior colliculus are 
· often present . The cerebellum , reticular formation and the spinal cord 
send inputs to the tectum in most vertebrates . It is clear that information 
of many kinds enters the tectum and integration of visual with other 
information such as somatic (tactile) and auditory (Drager and Hubel , 1975) 
can take place and the appropriate motor action be taken . 
4.5.b Efferent pathways 
The tectum projects to many other areas of the brain in all verte-
brates (Table IV). The efferent pathways were not studied in the axolotl . 
The probable efferent cells of the tectum could no t be discovered due to 
the difficulty of staining and distinguishing axons reliably . Other methods 
such as the retrograde and anterograde transport of HRP, or anterograde 
transport of radioactive substances , would be more reliable techniques for 
showing the efferent cells and the projection sites . In frogs, using retro-
grade transport of HRP , Gruberg and Lettvin (1978) showed that all cell 
types previously described in the frog tectum , below Potter's (1969) layer G, 
sent efferent fibres to the nucleus isthmi . The majority, however , came 
from pyramidal cells in layer 6 . 
When the projection sites in all vertebrates are compared they are 
strikingly consistent . In all vertebrates studied both ascending and 
descending projections f rom the optic tectum have been observed . The 
ascending pathways project to the pretectum, ipsilateral dorsal and ventral 
thalamic regions , and to the contralateral dorsal and ventral thalamus via 
la .ANURAN 
Diencepha lon 
#* Pretectum (DMO*) B 
. Bellonci ( DLO*, CO*) B 
#* Lateral geni cul ate ( VLO*) B 
. Hypothalamus B 
Mesencepha lon 
#* Tectum C 
Tegmentum 
Isthmic nucleus 
Interpeduncular nucleus 
Lateral reticular fonnation I 
Medial reticular formation C 
Rhombencepha Zon 
Lateral reticular fonnation 
Medial reticular formation 
Spinal Cord 
# Cervi ca l region 
Retina See l 
Ref erences and techniques 
D Robinson '68 
D Lazar '69 
H Wilczyn ski and Northcutt '77 
lH Sca lia and Teitelbaum '78 
H,A Gruberg and Udin '78 
H Gruberg and Lettvin '78 
3. REPTILE 
Diencepha lon 
• Pretectum 
• Dorsal lateral geniculate 1 (DMO*) 
• Ventral lateral geniculate 2 (VLO*) 
* Nucleus rotundus' (CO*) 
Mesencepha Um 
#* Tectum 
Tegmentum 
Isthmic nucleus 2 tl 
Lateral reticular formation 
Medial reticular fonnation 
Rhnmbencepha Zon 
Lateral reticular fonnation 
Medial reticular formation 
Spinal Cord 
only in snakes 
topographically organised from SGFS 
Not present in snakes 
Ref er ences and techniques 
D Foster and Ha 11 '75 
D Ulinski '77 
TABLE IV: EFFERENT PATHWAYS FROM TECTUM 
l b . URODELE 
Diencepha ion 
#* Pretectum (DMO*) 
#* Thalamus (VLO*, DLO*) 
. Hypothalamus 
# Habenula 
Mesencepha lon 
#* Tectum 
Tegmentum 
Rhombencepha lon 
Lateral medulla 
Medial medulla 
Cerebe 11 um 
Spinal Cord 
Lateral 
Medial 
References and techniques 
Herrick '42, '48 
D Gruberg '69 
4. BIRD 
Diencepha lon 
* Pretectum 1 
• Dorso-lateralis anterior (DLO*) 
• Ventrolateralis (VLO*) B 
*Lateral genic ulate 
Mesencephalon 
#* Tectum 
Tegmentum 
lsthmic nucleus 2 
Lateral reticular fonnation 
Medial reticular fonnation 
Rhombencepha Zon 
Lateral reticular fonnation 
Medial reticular fonnatlon 
Spinal Cord 
partly from SGFS-topographically 
organised 
wholly from SGFS-topographically 
organised 
References and techniques 
D Karten '65 
A Hunt and KUnzle '76 
2. FISH 
Diencephalon 
#* Pretectllll 
#* Dorsolateral nucleus (DMD*) 
• Lateral geniculate 
Nucleus rotundus (co•) 
Mesencepha lorz 
#* Tectum 
Tegrnentum 
Isthmic nucleus 
Torus l ongitudi na l is 1 
Lateral reticular fonnation I 
Medial reticular formation C 
Rhombencephalon 
Lateral reticular fonnation 
Medial reticular fonnation 
Spinal Cord 
Unique to teleosts 
References and techniques 
D Ebbesson and Vanegas '76 
D,H Ito and Kishida ' 78 
5. MAMMAL 
Diencepha lon 
• Pretectum 1 (DMO*) 
#* Dorsal lateral geniculate 1 (DLO*) B 
#* Ventral lateral geniculate 1 (VLO*) B 
Lateral posterior nucleus 1 
Mesencephalon 
#* Superior colliculus 
Tegmentllll 
Lateral reticular fonnation 
Medial reticular fonnation 
Rhombencepha Zen 
Lateral reticular fonnation 
Medial reticular formation 
Spinal Cord 
# Cervical region 
From SGS, some topographically 
organised 
References and teohniques 
Sz~ke ly '73 
A Graham '77 
C 
B 
* Receive retinal afferents # Project to tectum 
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the supraoptic decussation. The descending projections c a n be divided into 
two portions . An ipsilateral pathway descends along the ventrolateral edge 
of the brainstem terminating in adjacent structures. It can project as far 
as the cervical spinal cord (Foster and Hall, 1975). The contralateral 
portion descends ventromedially also terminating in neighbouring structures. 
The consistencies suggest that this part o f the connectional organisation 
of the optic tectum was probably established early in vertebrate evolution. 
Looking at the connectional patterns of the retino-tectal system it 
should be noted that many of the retinal termination sites project to the 
tectum. The tectum also projects back to some sites reciprocally e.g. the 
pretectum, thalamus, tegmentum, reticular formation, and the s p inal cord. 
4.6 THE IDENTIFICATION OF OPTIC SYNAPSES BY CHARACTERISTIC MITOCHONDRIA 
This study has shown that in the a xolotl the identification of optic 
nerve terminals is possible in the optic neuropile due to the pale matrix 
of their mitochondria. Other structures with pale mitochondria occurred 
only rarely and were found in postsynaptic elements with a different ultra-
structure from optic synapses. 
In mammals, the ultrastructure of primary visual centres, receiving 
optic nerve afferents from the retina, such as the superio r colliculus and 
dorsal lateral geniculate nucleus, has been studied in detail. Synapses 
described as, or assumed to be of retinal origin are characterised by the 
presence of mitochondria with a pale matrix and tubular formations of the 
inner membrane (see Lund 1969, Lund 1972, Sterling 1971, Mathers 1977: in 
the superior colliculus of rabbit, cat, rat, monkey; Szentagothai 1973, 
Lieberman and Webster 1974 , Cullen and Kaiserman-Abramof 1976, Robson and 
Mason 1979: in the dorsal lateral geniculate nucleus of cat, rat and mouse; 
Yamada 1974 in the medi a l terminal nucleus of the accessory system of the 
mouse; Guldner 1978a in the rat suprachiasmatic nucleus). 
In the axolotl mi tochondria with the pale matrix did have a tubular 
inner membrane, although tubular inner membranes often occurred in mito-
chondria with a dark matrix also i.e. in non-optic synapses. 
In other non-mammalian vertebrates mitochondria showing a tubular 
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inner membrane or combinations of tubules and cristae are observed in neuronal 
elements other than optic synapses (see Figures in Hayes and Webster, 1975; 
Angaut and Reperant, 1976 - pigeon; Szekely et al, 1973; Szekely and Lazar, 
1976 - fro9 ; Laufer and Vanegas, 1974; Marotte and Mark, 1975 - fish). 
In non-manunalian vertebrates it appears that tubular inner membranes 
cannot be used as a criterion for identifying optic boutons. As in the 
axolotl, in many cases where the ultrastructure of the optic tectum in non-
mammalian vertebrates has been studied, the pale matrix of the mitochondria 
in optic synapses can be used as a distinguishing feature . 
In the pigeon, Hayes and Webster (1975) noted the presence of 
characteristic mitochondria in boutons assumed to be retinal in origin, 
showing a prominent space between inner and outer mitochondrial membranes, 
giving the matrix a moderately dense appearance. In another study on the 
pigeon optic tectum Angaut and Reperant (1976), made no comment on the 
mitochondrial structure, although in their micrographs synapses containing 
mitochondria with a pale matrix can be seen. In the frog (Rana esculenta) 
(Szekely et al, 1973; Szekely and Lazar, 1976), synapses assumed to be 
optic had mitochondria with swollen inner membranes and a pale matrix. 
Initial studies using horseradish peroxidase filling of optic synapses in 
Xenopus laevis have shown mitochondria with tubular inner membranes and an 
electron-lucent matrix in filled structures (unpublished results). In fish, 
optic nerve terminals could not be identified in the carp (Carassius carassius) 
(Marotte and Mark, 1975), but in Eugerres plwnieri, the mitochondria had a 
charac~eristically pale matrix and large spaces between the sparse cristae 
as well as between the inner and outer membranes (Laufer and Vanegas, 1974). 
Initial studies on the goldfish have shown that mitochondria with a dark as 
well as a pale matrix can occur in optic synapses filled with horseradish 
peroxidase (unpublished results). Variations in fixation techniques, 
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different amounts of inner membrane and different degree s of swelling of 
the matrix could explain the differences found amongst verte brates. 
Mitochondrial morphology is obviously a useful tool in identifying synapses 
of retinal origin, however it seems that unlike the situation in mammals, 
in other vertebrates the mitochondria are not alway s a n absolute criterion 
for identifying optic b outons. 
In the axolotl mistaken identification may occasio nally occur but 
the author believes the error margin is small and would not greatly affect 
the frequency distributions provided that the sample number is always large. 
4.7 COMPARISON OF OPTIC SYNAPSES IN THE AXOLOTL WITH THOSE IN OTHER 
VERTEBRATES 
To my knowledge, the ultrastructure of the axolotl tectum, or any 
urodele optic tectum, has apparently not been studied previously . When 
comparing the features of optic synapses with those of other vertebrates 
many similarities are apparent. 
In the axolotl optic boutons often had an irregular shape conforming 
to their surroundings. They contained round synaptic vesicles 40-60nm in 
diameter, dense-core vesicles, glycogen granules and microtubules . These 
features are common to optic boutons in other studies (Lund 1969, Sterling 
1971, Lund 1972 , Mathers 1977 - mammals; Hayes and Webster 1975, Angaut and 
Reperant 1976 - birds; Szekely et al 1973 , Szekely and Lazar 1976 -
amphibians; Laufer and Vanegas 1974 - fish). 
Glial cells did not obviously surround groups of synapses in our 
material. In other vertebrates optic synapses usually tend to be clustered 
together in complex synaptic arrangements, sometimes surrounded by glial 
elements making a glomerulus (Sterling, 1971; Szekely et al , 1973; Szekely 
and Lazar, 1976). They are similar to those found in the dorsal lateral 
geniculate nucleus (Szentagothai, 1973). In the axolotl most of the synaptic 
appositions had a significant amount of postsynaptic density material and 
could be classified as forming Gray type I or asymmetric synapses. However, 
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16% showed virtually no postsynaptic density and as such cou ld be 
c l assified as Gray type II (Gray , 1959; Akert et al, 1972) . In the medial 
t ermina l nucleus Yamada (1974 ) found the optic nerve terminals made Gray 
type I I contacts . Elsewhere, in other vertebrates the synaptic appositions 
are described as always forming Gray type I or asymmetric contacts (Lund 
1969 , Lund 1972 , Mathers 1977 - mammals ; Hayes and Webster 1975 , Angaut and 
Reperant 1976 - birds ; Szekely 1973 , Szekely and Lazar 1976 - anurans; 
Laufer and Vanegas 1974 - fish) . In the axolotl some of the 16% Gray type 
II synapses could represent mistakenly-identified optic boutons . The fact 
that optic synapses occasionally showed a Gray type I and type II apposition 
on the same bouton speaks against this . In horseradish peroxidase - filled 
op t ic nerves the presynaptic dense projections are obscured by reaction 
product , and although their presence is sometimes strongly suspected , Gray 
type II synapses cannot be unequivocally identified. Serial sections through 
the optic boutons were not cut , and so some of these with virtually no 
postsynaptic density material could be sectioned through the border of a 
synaptic apposition . In the rat suprachiasmatic nucleus , serial sections 
have shown that Gray type II appositions extend throughout a junction in 
most of the cases (Guldner , 1978b) . As morphometric analysis of identified 
optic synapses has not been carried out on the optic tectum of any other 
vertebrates , it is possible that Gray type II synaptic appositions have 
been overlooked . 
The most common postsynaptic dendrite in the axolotl with its pale 
appearance and occasional synaptic vesicles is similar to those occurring 
in the frog optic tectum (Szekely et al , 1973; Szekely and Lazar , 1976) . 
In the frog , Golgi studies have shown that the size and shape of these pale 
nendritic elements is similar to the dendritic appendages of the large 
pear- shaped ce l ls (Szekely et al , 1973; Szekely and Lazar , 1976) . In 
virtually all vertebrates studied the retinal afferents in the tectum 
contact a variety of dendritic types including some containing synaptic 
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vesicles which are som~times seen to be making serial synapses (Lund, 1969; 
Sterling , 1971; Lund , 1972; Hayes and Webster , 1975; Angaut and Reperant , 
1976 ; Szekely and Lazar , 1976; Mathers , 1977). 
As a detailed morphometric analysis of the optic synapses in the 
albino rat suprachiasmatic nucleus using the same criteria has been carried 
out (Guldner, 1978b) it is worthwhile making a direct comparison . The main 
difference is the size of the optic boutons and their mitochondria. Both 
tend to be smaller in the axolotl tectum. In the axolotl, mitochondria 
occupy a smaller proportion of boutonal area. This could be due to less 
swelling or more shrinkage of the mitochondria in axolotl optic synapses 
compared with those in the rat suprachiasmatic nucleus during fixation. In 
pigmented rats (Guldner , personal communication), the size of the optic 
boutons is smaller than those of albino rats . It is possible that pigment-
ation of the retina corellates with the size of optic boutons . 
The diameters of dense-core and clear vesicles are similar , as are 
the lengths of the synaptic appositions . The variability of the diameters 
of clear vesicles in individual boutons in the rat suprachiasmatic nucleus 
is not apparent in axolotl optic synapses. 
The range of postsynaptic density thickness is similar in the two 
species , although in rat suprachiasmatic optic synapses there is a higher 
percentage (27% , Guldner and Wolff, 1978) of synapses with postsynaptic 
density thicknesses less than 20nm (Gray type II). As in the rat , in the 
axolotl , one optic bouton occasionally made a Gray type II as well as a 
Gray type I apposition. Microtubules , attachment plaques, vacuoles and 
glycogen granules are common features although more axolotl tectum optic 
synapses had microtubules . This might indicate a relatively higher number 
of en passant synapses . 
59 
4.8 FUNCTIONAL CONSIDERATIONS 
4.8.a Behaviour 
Urodeles are generally slow-moving animals, which are carnivorous 
through all stages of life . . They eat a variety of animals in their natural 
environment ranging from worms to crustaceans and insects . They actively 
search for food , and will eat virtually any kind of prey so long as it is 
not too small, too large o r too fast (Grusser-Cornehls and Himstedt , 1976). 
Visual stimuli are not the only ones releasing a prey-capture reaction; 
chemical detection via the olfactory organ and mechano-detection via the 
lateral line organ in aquatic forms also play an important role. Some 
cave dwelling urodeles manage perfectly well with no light whatsoever 
(Grusser-Cornehls and Himstedt, 1976). 
When catching prey , the initial orientation to fixate an object 
binocularly is often made with the head alone. This is followed by a slow 
approach until the prey is within grasping reach. At this stage an 
olfaction test is often made after whi ch the prey is seized by a snapping 
action and swallowed (Grusser-Cornehls and Himstedt, 1976). Some urodeles, 
such as the axolotl , lead an aquatic existence all their life. Others become 
terrestrial at metamorphosis, but move back to the water to breed, while 
others spend the whole of their life on land . Vision is apparently less 
important to the aquatic forms where the lateral line plays a major role 
through the detection o f vibrations (Grusser-Cornehls and Himstedt, 1976). 
The eyes of the axolotl are small and after both of them have been removed, 
axolotls soon learn to detect prey with their remaining senses (personal 
observations). 
Anurans tend to be more specialised in their diet; they often catch 
fast-moving prey such as flies . Orientation towards the prey is with the 
whole body, and not the head alone . If the prey is outside grasping reach, 
frogs jump and toads creep up to it . This is followed by a snapping action 
and swallowing. Vision is obviously more important to the success of such 
an action especially when the catching of fast -moving prey is involved . 
Frogs generally sit and wait for prey to enter their visual field, but 
toads and most urodeles actively search for prey , the head constantly 
moving during its search for food (Grusser-Cornehls and Himstedt , 1976). 
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One of the main functions of the optic tectum in at least lower 
vertebrates is the initiation of visually guided movements to or away from 
objects depending usually on whether the object is prey- or predator-like 
(Ingle , 1970). The orientation away from predator-like objects has been 
found to be affected by the thalamic/pretectal input to the tectum. 
Lesions in these diencephalic areas were found to cause a disinhibition 
towards both small and large objects (Ewert , 1970; Ingle , 1973b) . The 
tectum is apparently not involved in seeing stationary objects. Ingle 
(1973c, 1976) found that frogs suffering from unilateral or bilateral 
tectal ablation avoided stationary objects well , despite their apparent 
inability to orient to prey or predator-like stimuli. In Bufo mar&nus , 
Ingle (1976) found that toads with large lesions involving the postero-
lateral and pretectal cell complex persistently bumped into barriers whilst 
pursuing prey stimuli . 
Ablation studies have not been carried out on urodeles, but the 
connections are similar and it seems likely that the tectum in these animals 
has a similar function. 
4.8.b Physiology of the tectum 
The physiology of the optic tectum has been studied far more completely 
in the anuran amphibians than in urodeles . Maturana et al (1960) described 
5 types of units found in different layers of the superficial optic tectum 
of Rana pipiens . The responses were due to the activity of the retino-
tectal terminals, which reflect the properties of the ganglion cells . They 
were found in distinct layers in the tectum and as the latter was penetrated 
from the dorsal s ur face , the following units were defined: 
Class 1 or sustained edge detectors ; class 2 or convex edge detectors; 
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class 3 or changing contrast detectors ; class 4 or dimming detectors; and 
class 5 or dark detectors . Class 5 units were not in a distinct layer , 
occu rring in the same layer as the class 3 units. Since the study of 
Maturana and co-workers (1960) , there have been many similar investigations 
on various anurans (for review see Grusser and Grusser-Cornehls , 1976) . 
Class 1 and 2 units have many similarities . They b o th have a strong 
inhibito ry surround such that they are far more sensitive to small objects 
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which fit within their 2-5 receptive fields than to larger visual objects 
which readily activate classes 3 and 4. Both class 1 and 2 units respond 
optimally to moving objects and not to changes in illumination . The chief 
distinction between them appears to be the greater sensitivity of class 1 
units to stationary objects (Ingle , 1976 ). Class 3 units are sensitive to 
the illumination of the whole or part of the excitatory receptive field, 
which elicits an on-off response . Class 4 units respond persistently to a 
dimming of their excitatory re ceptive fields (off-units) . The excitatory 
receptive fields of class 3 and 4 units are far larger (7-15°) than those 
of class 1 and 2 (Grusserand Grusser-Cornehls , 1976). Classes 1 and 2 may 
be most important for the detection of prey , whereas classes 3 and 4 may be 
more important for the elicitation of avoidance behaviour (Ingle, 1976) . 
In order to localise the terminals accurately, the extracellular 
potentials were recorded in the optic tectum of various anurans after 
stimulation of the optic nerve (Chung et al , 1974) . Four discrete potentials 
(ml , m2 , ul , u2 ) were recorded which occurred at different latencies . Using 
current source analysis , the terminals producing these potential s were 
localised . The ml wave had the shortest latency and was generated by 
myelinated fibres and h ad the properties of class 4 units , occurring at the 
appropriate depth . The m2 wave had a slightly longer latency , was also 
generated by myelinated fibres and by their properties and position were 
typical of c l ass 3 units . Similarly , ul and u2 waves were thought to be 
generated by unmyelinated fibres , the ul wave sink was superficial to the 
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u2 wave sink . They corresponded to class 1 and 2 units respectively. 
When considering amphibians as a whole Grusser-Cornehls and Himstedt 
(1976) suggested as a more generally applicable framework that three main 
neuronal classes can be found. These consisted of class 1 and 2 as one group 
and 3 and 4 as the other two groups. In toads , class 1 units could not be 
found (for review see Ewert, 1976). A similar situation was found in the 
urodele Triturus (Cronly-Dillon, 1968) , although the units were not assigned 
to any particular layers in the superficial portion to the optic tectum . 
In Salamandx>a salamandra (Grusser-Cornehls and Himstedt, 1973) functional 
layering was detected, but no class 1 or 2 units were found . At the surface 
of the tectum a thin layer of axons showed no response to diffuse illumin-
ation of the receptive fields . They responded to small dark objects moved 
through their excitatory receptive field, which in contrast to those of 
class 1 and 2 terminals were quite large (12-16°). If objects larger than 
the excitatory receptive field were moved through the receptive field the 
discharge rate was lower, the larger the stimulus , indicating the existence 
of an effective inhibitory surround . Most toads and urodeles actively 
search for prey , and their heads are constantly moving , so that it may not 
be adaptive to have units with a very small excitatory receptive field and 
a large inhibitory receptive field , as the inhibitory receptive field would 
be continually activated and prevent the response of such units (Grusser-
Cornehls and Himstedt, 1976). 
Triturus cristatus has a more differentiated retina than Salamandra 
salamandx>a (Grusser-Cornehls and Himstedt , 1976) , and probably more complic-
ated than the axolotl (personal observation). The retina of Necturus is 
'' in a mild state of phylogenetic degeneration '' (Grusser-Cornehls and Himstedt, 
197G). It seems reasonable to predict that the axolotl has units similar 
to or less complex than those of Salamandra salamandra . 
The physiological properties of the tectal neurons have been studied 
very poorly in comparison with the retinal ones . Grusser-Cornehls and 
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Himstedt (1973) made some qualitative investigations in Salamandra salamandra, 
recording from action potentials of cells below the retinal projection . 
They found five types of unit : a) had a large receptive field (> 30°) and 
could stretch over the whole visual field of one eye ; b) responded to an 
ob ject moving in the z axis towards the eye; c) had an excitatory receptive 
field between 10° and 20° in diame ter which responded to stimuli moving 
into the excitatory receptive field ; d) were binocularly activated units , 
the receptive fields covered the binocular visual field of both eyes ; e) were 
multisensory neurons , usually l oca ted in deeper tectal layers which did not 
always respond to experimental visual stimuli. They responded to tactile 
stimuli in many cases . Gruberg (1969) , recording from tectal neurons in 
Ambystoma tigrinwn, showed that when a micro-electrode is advanced from 
the surface towards the ventricle of the tectum , it passes through 1) a 
visual layer ; 2) a contralateral somesthetic layer; 3) a bilateral somes-
thetic layer; and 4) a layer where units respond to both visual and somes -
thetic stimulation. The tactile as well as the visual stimuli are topo-
graphically organised on the tectum (Gruberg , 1969). 
In anurans similar types of units to those described above can be 
found although other more complex kinds are also observed (Grusser and 
Grusser-Corn ehls , 1976) . Unlike urodeles, frogs possess units with very 
small receptive fields . Perhaps this is a reflection on the more specialised 
and refined tectum of the frog . The more generalised stimuli needed to fire 
tectal neurons in urodeles could reflect the more generalised nature of 
their food sources . 
4.8.c Correlations of t he physiology, anatomy and behaviour 
In anurans the r etino-tectal fibres appear to be laminated from both 
anatomical and physiological studies . Myelinated fibres are found in the 
areas corresponding to the ml and m2 wave sinks (Potter ' s (1969) layers D, 
E , G). Mye l i~ated f ibres are also found in more superficial laminae (Potter ' s 
(1969 ) layer B). Unmyelinated fibres are more difficult to localise 
64 
histologically and their appearance during degeneration is similar to that 
of terminals, so that it is possible that the unmyelinated fibres have been 
overlooked in anatomical studies. It is known that the majority of the 
optic nerve fibres in anurans are in fact unmyelinated (Maturana, 1960). 
In urodeles there are slightly conflicting reports about the physiological 
and anatomical presence of lamination. Triturus has apparently no 
functional lamination of units whereas Salamandra has (Grusser-Cornehls and 
Himstedt, 1976). Anatomically, Jackway and Riss (1972) reported a lamination 
of retino-tectal fibres in the tiger salamander, but no evidence for a 
lamination of the retino-tectal fibres in the axolotl was found in this 
study of the axolotl or other (Gruberg, 1973; Zakon , 1978) studies . 
In fish, Winkelmann (1968) and Kishida (1979) studied the structure 
of the tecturn of many species of teleost. They found that the thickness of 
the layers receiving optic input, and other tectal layers, varied depending 
on the behaviour and habitat of the fish . Those that apparently had poor 
vision, had thin optic layers. Kishida (1979) also found that the dendrites 
of the cells showed restricted branching patterns . However the same basic 
classes of tectal cells were found in all species . The branching pat terns 
of cells in the axolotl tectum were not restricted, and that part of the 
tecturn receiving optic input is quite thick in relation to other layers 
(half of outer plexiform layer has optic input). Whereas the fish with 
thin optic layers and little branching of dendrites in these layers could 
be described as having a regressed optic tectal strucure , in the axolotl 
the branching patterns of the tectal cells suggest that this is not the 
case, even though the tectum does not show the complex structure typical of 
the anuran tectum. Anurans are more successful than urodeles in that they 
occupy far more diverse and numerous niches. Their success may be partly 
due to the specialisatio n of their visual system . 
The ultrastructure of the axolotl optic neuropile appears to be very 
similar to that of an anuran . The most striking difference is the lack of 
well defined complex synaptic arrangements or glomeruli . Structures similar 
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to the glomeruli described in the frog (Szekely and Lazar, 1976 ) are common 
features in many areas of the brain in vertebrates, including the olfactory 
bulb, the cerebellum and the thalamus (Szentagothai, 1970; Spacek and 
Lieberman, 1974; Nemecek , 1972). They generally consist of a collection of 
synapses of varying origin, surrounded by an astroglial wrapping which 
isolates the glomerulus. The purpose of isolating such complexes is at 
present unknown, although it has been suggested (Spacek and Lieberman , 1974) 
that the astrocytic capsule could serve to limit diffusion from the 
glomerulus , of extracellular ions (mainly potassium ions) and transmitter, 
released by the intra glomerular terminals. 
Glomeruli may be a refinement of visual processing in the frog , 
important to it for its specialised vision but not necessary for the visual 
needs of the axolotl. 
In summary , it appears that in urodeles including the axolotl the 
tectum has fewer laminae, fewer cell types, and a less complex optic 
neuropile than anurans and other vertebrates. This correlates well with 
physiological and behavioural results. On the other hand, the tecta of 
urodeles and other vertebrates show many basic similarities. The comparative 
simplicity of the urodele tectum means the axolotl would be a useful 
candidate for further physiological and morphological investigations, which 
are likely to give a better understanding of tectal functions in vertebrates 
as a whole. 
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